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ABSTRACT 

 

Cooperativity is a general principle that governs multivalent bindings in the supramolecular 

assemblies in nature, which is essential for a wide variety of biological structures and functions. Various 

model systems have been studied to reveal the energetics and mechanisms that underline cooperative 

bindings. However, not much effort has been made to maximize and utilize cooperative bindings towards 

constructing functional supramolecular assemblies. Dendrimers are nanometer-sized macromolecules 

with three-dimensional, highly-branched architectures, and can provide multivalent binding sites at  the 

periphery. Here, we exploit the unique multivalency feature of dendrimers and their ability to maximize 

cooperative binding as a novel modular self-assembly approach to construct functional supramolecular 

structures. 

First of all, we studied the self-assembly of spherical dendrimers via periphery cooperative salt-

bridging. Dendrimers with carboxyl peripheral groups showed to form capsules in aqueous solutions with 

the addition of divalent metal ions. These capsules were tunable in size and thickness, and controllable in 

disassembly. To further exploit the cooperative feature of dendrimers, we revealed the ability of 

cooperative H-bonding in regulating supramolecular self-assemblies in highly-competitive solvents, e.g. 

water. These H-bonded dendrimer capsules have the advantage of the thermo-responsiveness to trigger 

controlled disassembly and release of encapsulated materials. Further more, emulsions were utilized to 

 



template the cooperative self-assembly of dendrimers into a wide size range of capsules, which provides 

more versatility in the encapsulation of various materials.  

To further advance the functionality of supramolecular dendrimer capsules, we explored the 

feasibility of combining π-π stacking at dendrimers’ core with the periphery cooperative bindings. 

Dendrimers with an arene ring as the core self-assembled into capsules with dendrimers stack vertically in  

the membrane. This work provides the mechanistic foundation for incorporating functional micro-cycles 

into dendrimers core to generate capsules with sophisticated functionalities.  

To explore the effect of shape symmetry in regulating supramolecular self-assemblies, the spatial 

symmetry of the dendrimer molecules are broken by coupling two different-sized but chemically identical 

dendritic fragments together. Asymmetric dendrimers assembled into cylindrical superstructures, either as 

parallel fibrillar bundles or supercoiled double-helices. This study provides new insights into 

supramolecular asymmetry, and offers a new systematic design principle for constructing novel 

asymmetrical supramolecular structures.  
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CHAPTER 1 

INTRODUCTION AND LITERATURE REVIEW 

1.1 Supramolecular assembly 

Supramolecular assembly is a complex but structurally well-defined chemical system 

constituted by a large number of assembled molecular subunits through noncovalent 

interactions.1-3  Although the concept “supramolecular assembly” was first applied in 1976, 

nature has mastered the magic skill to create the most delicate supramolecular assemblies all 

along. More importantly, these structures and their assembly process are responsible for many 

critical biological functions:4 (1) the formation of DNA double helix is essential for the 

replication, transcription and translation5,6; (2) the assembly and dis-assembly of protein subunits 

in cytoskeletons, e.g. microtubules and microfilaments, play important roles in both intracellular 

transport and cellular division6,7; (3) virus, e.g. polyhedron-shaped HIV virus and rod-shaped 

tobacco mosaic virus, are constituted by RNA and thousands of protein subunits, which execute 

protein synthesis.8 

Supramolecular assemblies have been attracting tremendous attentions, mainly because 

of two reasons:  

(1) By study the existing biological supramolecular assembly systems and the 

synthetic model structures, people can better understand the structural 

functionalities and energetic properties that underline the complicate 

biological processes, and possibly design and synthesize assembling systems 

to mimic these biological functions. 
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(2) Supramolecular assembly permits an access to manufacture nanometer-scaled 

functional structures using a bottom-up approach. By encoding information 

into the design of molecule entities, these building blocks could 

spontaneously assemble into functional structures, such as targeted drug/DNA 

delivery systems, fuel cell, or molecular electronics on the nanometer scale.   

Because of the profound impact of supramolecular assembly studies, the most important 

goal is always to explore new building blocks and self-assembly mechanisms that can be applied 

in new and emerging fields.3  With tremendous efforts, a variety of building blocks have been 

exploited in this field.  There are nature existing polymeric structures, like peptide9-12, RNA13, 

DNA14,15 and protein16, as well as some small molecules17,18, polymers/copolymer19-25, and 

dendrimer/dendritic structures26-32, and colloidal nanoparticles33-37. Various supramolecular 

assembly morphologies have been reviewed, such as sphere, polyhedron, cage rod, helix, sheet-

like structures, toroids, vesicles, et.al., and they often have dimensions ranging from nanometers 

to micrometers.38  

Supramolecular assemblies are usually formed via non-covalent interactions. As  

thermodynamic controlled systems, these relatively weak interactions allows forming, breaking, 

and reforming until the system find the lowest energy state-the final assembled structures. 

Several weak interactions have been utilized in the generation of supramolecular assemblies, 

including hydrophobic interactions, van der Waals interactions, electrostatic interactions, 

hydrogen bonding, π-π interactions, and metal coordination.3,4 Especially, as the more directed 

interactions, hydrogen bonding, π-π interactions, and metal coordination are generally exploited 

to define the architectural specificities.39-41   
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1.2 Cooperativity in supramolecular self-assembly  

Supramolecular assemblies are built up by relatively weak interactions, such as 

hydrophobic interactions, van der Waals interactions, electrostatic interactions, hydrogen 

bonding, π-π interactions, and metal coordination. When multiple weak interactions are 

combined together, they can lead to affinities that are strong enough to assemble molecules 

together.  However, during this process, the final interaction does not simply equal the sum of all 

the weak interactions. This phenomenon is described as cooperativity.3 When the final 

interaction is stronger than the simple sum of all the individual interactions, it is referred to as 

positive cooperativity, which can also be described as the Gibbs free energy of assembly is more 

negative than the sum of Gibbs free energy changes for individual interactions. When the 

opposite is true, negative cooperativity is informed.3 

Cooperativity is a general principle that facilitates multivalent bindings between two 

entities, e.g. multivalent ligand-receptor interactions, as well as subunit binding in self-assembly 

processes. It is essential for a wide variety of biological assembling structures and functions.42-45 

The multivalent cooperative ligand-receptor binding is responsible for various proteins’ and 

enzymes’ functions,46-49 such as the positive cooperative binding between hemoglobin and 

oxygen.44,50 Subunit cooperativity is another commonly seen phenomenon, such as the folding 

and unfolding of proteins,43 collective base pairing in DNA double-helix formation,51-53 

assembling of protein subunits into viral capsid,54,55 clathrin cage and cytoskeleton 

superstructures56,57.  

Because of the importance of cooperativity, a lot of effort have been made to reveal the 

energetics and mechanisms that underline these multivalent cooperative bindings.58-63  So far, 

various molecular recognition, guest-host and dimer complexation systems have been well 
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studied. Hunter and Tomas and co-workers studied the cooperative assembly of supramolecular 

ladder complexes composed of metalloporphyrin oligomers and showed that the origin of the 

beneficial free energy in positive cooperativity is only entropic without any enthalpic effects.62 

By studying the interactions between guanidinium and Cu(II) containing hosts for 

polycarboxylate guests in water, Anslyn and co-workers  discovered a rarely seen positive 

cooperativity in the synthetic guest-hosts assembly in water.59 The polyvalency of interactions in 

biological systems have been well studied, and utilized to design new targets and new strategies 

for pharmaceutical agents.60  

To study the relatively weak energy in these cooperative bindings, various experimental 

techniques have been applied, e.g. UV-Vis, fluorescence spectroscopies, NMR and isothermal 

calorimetry. Both UV-Vis and Fluorescence spectroscopies are very sensitive, but they are 

limited to the systems with desirable spectroscopic groups. NMR is used to observe the signal 

shift associated with binding. The advantage of NMR is that that it can also provide structural 

information about binding. UV-vis, fluorescence spectroscopies and NMR can measure the 

binding constant by directly monitoring the concentration, and then Gibbs free energy change 

can be determined. However, in order to distinguish the contribution between enthalpy and 

entropy, multiple experiments at different temperatures have to be carried. Compared with the 

above techniques, isothermal calorimetry is much more efficient. By titrating one part of the 

binding system to the other, the heat released or absorbed in each step is measured, which allow 

us to directly determine the binding constant and enthalpy change, and then the Gibbs free 

energy change and entropy change can be obtained.  

With the assistance of these techniques, cooperativity is becoming better understood and 

recognized. However, a very limited effort has been made to utilize and maximize multivalent 
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and subunit cooperative binding to construct functional supramolecular assemblies from large 

numbers of subunits.    

1.3 Dendrimers: historical perspectives, properties and preparation methods 

In this dissertation, we explored the unique features of dendrimers as nano-sized 

macromolecules with highly-branched peripheral binding sites, and their ability to maximize 

cooperative binding as a novel self-assembly approach to construct functional supramolecular 

assemblies. 

Dendriemrs are macromolecules with roughly globular topology, monodispersed in size, 

and nanometers in dimension (1∼10nm).64,65 As described by the origin of its name - Greek word 

“tree”, dendrimer has a repeatedly and highly branched architecture emanating from the core. 

The number of repeated branching cycles is referred to as a generation. Compared with 

traditional linear macromolecules, dendrimers have attracted broad interest due to their unique 

architectures and interesting properties. Typically, a dendrimer often appears roughly spherical 

with multiple functional groups on the molecular surface. The cavity inside the dendrimer allows 

for encapsulation of small functional molecules, which can be utilized to fabricate 

supramolecular assemblies with sophisticated functions. The multiple interaction sites makes 

them great candidate for cooperative bindings. A dendrimer’s solubility and functionality are 

largely depended on the periphery functional groups. Therefore, dendrimers’ properties can be 

easily modified from periphery for desired applications. The size of a dendrimer and the number 

of peripheral functional groups can be controlled via their generations, which further enhance the 

versatility of dendrimers as building blocks for supramolecular assembly.  

There are two general synthetic methods to prepare dendrimers; the divergent approach 

and the convergent approach. In the divergent approach, the dendrimer grows from a core with 
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multifunctional groups, and a series of repetitive reactions will be applied to produce new 

generations. In the convergent approach, the dendrimer is assembled starting from small 

molecules that will eventually appear on the surface of dendrimer. Several rounds of reactions 

will be used to reach the desired generation until finally elaborated to a core.64,65 The first 

dendritic structure was synthesized by Vögtle in 1978 using a divergent approach.66 Seven years 

later, Tomalia and Newkome developed the first several dendrimers in 1985.67-69 In 1990, 

Fréchet introduced the convergent approach70; for dendrimer formation, the convergent approach 

is more advantageous on increasing the monodispersity of the final dendrimers, because it is 

easier to remove the defected side products. However, due to the larger steric effects, it is very 

difficult to prepare large generation dendrimers through convergent approach. Recently a lot of 

new reactions and synthetic methods have been used to benefit dendrimer synthesis, such as 

click chemistry, solid phase synthesis, which greatly improves the purity and efficiency of 

dendrimer synthesis.71,72  

Because of their unique properties, dendrimers, dendritic structures and their derivatives 

are also widely explored as building blocks in supramolecular assemblies, which will be 

discussed in detail next. 

1.4 Current researches on dendrimer self-assemblies 

One of the goals of supramolecular chemistry is to precisely control the structure and 

functionality of supramolecular assemblies by tuning the molecule structures. Because of the 

unique architectural properties, dendrimers and their derivatives have been vigorously pursued as 

versatile building blocks towards fabrication of a wide variety of functional supramolecular 

assemblies, particularly molecular recognition and self-assembly systems.30,73-77  
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In molecular recognition, two of a dendrimer’s structural features, multiple periphery 

groups and inside cavity, are generally utilized. The active species, such as a dye, imaging 

particles, or pharmaceutically active compound, can be conjugated onto dendrimers’ surface to 

make a dendrimer function as a detecting agent, an imaging agent, or as a drug targeting and 

delivery systems. 30,73,75-79  The inside cavities can also be utilized as a nano-sized container to 

encapsulate hydrophobic drugs, DNA/RNA, as well as reaction vessel to benefit the synthesis of 

products. Studies in this field have lead dendrimers into a wide range of potential applications, 

ranging from drug delivery, imaging agents, catalysts, sensors, remedidiation of industrial 

pollution, and nanosized reaction vectors, which have been subjected in numerous 

reviews.30,73,75-79  

Other than molecular recognition, dendrimers are also utilized in self-assembly systems 

in bulk, in solution or on the surface. The self-assembly of dendrimers in bulk showed liquid-

crystalline properties, and have been broadly and extensively reviewed.75,78,80-82 Dendrimers can 

also assemble on surface to form monolayers, multilayers or surface patterns, which have been 

applied as sensosr, molecular printboards, and catalysts. The progresses in this field have also 

been reviewed.83,84 As unique building blocks, dendrimers and dendritic structures also show the 

ability to self-assemble into various superstructures in solution, ranging from dimmers, 

oligomers, megamer clusters, rotaxane complexes to large assemblies such as vesicles, fibers and 

gels.29,85-92 Tremendous effort has been made to design, synthesize new dendrimers, and study 

their self-assembly behaviors in solution. So far, the self-assemblies of dendrimer in solution 

were largely depended on traditional amphiphile hydrophobic interactions, dimeric/oligomeric 

linages via hydrogen bonding, metal complexation or electrostatic interactions, which will be 

reviewed below.  
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1.4.1 Hydrophobic interactions 

Hydrophobic interactions are very important driving force for supramolecular assemblies 

in Nature. It also has been drastically exploited to construct functional assembly systems. In 

order to utilize this interaction, typically the molecule has to have a hydrophobic domain and a 

hydrophilic domain, as called an amphiphile. When an amphiphile is added to water, the 

hydrophobic domain will be excluded by the water molecules and will organize together to 

minimize their contact with the water.  

A large amount of dendrimer assembly systems are based on hydrophobic interactions. 

These dendrimer structures are designed with both hydrophobic and hydrophilic domains. One 

commonly seen amphiphilic dendrimer class is the dendritic bolamphiphiles. Two hydrophilic 

dendritic structures are linked through a hydrophobic spacer. Newkome and co-workers 

developed a series of dendritic bolamphiphiles by linking two dendritic polyols with simple alkyl, 

alkyne chains, biphenyl units, or tetrathiafulvalene spacers.67,93-95 These dumbbell-shaped 

bolamphiphiles form gels in water. Further detailed morphological studies and computational 

simulation showed that these molecules stack orthogonally via the hydrophobic interaction 

between the spacers, while the dendritic ends interact with each other through hydrogen bonding 

and get exposed to water. Fréchet and co-workers synthesized bolamphiphiles with hydrophobic 

3,5-benzyl ether dendritic ends and hydrophilic PEO linker, and explored their solvent depended 

self-assembly behavior.96-98 Another commonly seen amphiphilic dendrimer class is conjugating 

the dendrimer with linear polymers having different polarity. Meijer and co-works developed 

amphiphiles with polystyrene and poly (propylene imine) dendrimers and revealed that 

dendrimer generation and solvent can effect their self-assembly morphologies.91 Percec and co-

workers synthesized amphiphiles by conjugating 3,5-benzyl ether dendritic block onto a 
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dipeptides and they can self-assembles into helical porous structures.99 Diblock codendrimers are 

also well studied. Wegner, Wei Wang and co-workers synthesized diblock coderdrimers of 

poly(benzyl ether) and poly(methallyl dichloride), which can self-assemble into vesicles with 

double layer membranes.100 These vesicles are very soft, due to the loose packing of the 

dendrimers. Percec and co-workers recently developed a library of amphiphilic Janus dendrimers 

by coupling hydrophilic and hydrophobic dendritic building blocks.29 These dendrimers can self-

assemble into a wide variety of morphologies in water, including bilayer vesicles, disks, tubular 

vesicles, and helical ribbons. The resulting bilayer vesicles were called dendrimersomes. These 

dendrimersomes show great stability, permeability and mechanical stress. More impressively, 

unlike other classic amphiphiles, such as lipids, surfactants, and diblock copolymers, 

dendrimersomes have very low dispersity due to the unified molecule structures.  

Amphiphilic dendrimers greatly enriched the amphiphile family, and are a versatile and 

powerful structure-directing building block for the construction of precise and functionalized 

supramolecular assemblies. However, there are also drawbacks for using amphiphilicity as the 

self-assembly driving force: (1) amphiphiles usually assemble into structures with bilayered 

membrane, which lacks the capability for tuning the thickness and then the permeability for more 

sophisticated functionalities and (2) the self-assembly of certain amphiphiles largely depends on 

the polarity of solvent, which realistically does not provide enough flexibility in controlling 

disassembly. In order to achieve the stimuli-responsive disassembly, molecules have to be 

specially designed with complicated stimuli-responsive domains.      

1.4.2. Dimeric/oligomeric linages via hydrogen bonding 

Among different non-covalent forces, hydrogen bonding is one of the most important 

binding interactions, which is not only essential to biological systems and processes, such as in 
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DNA double-helix formation and protein folding,101 but also widely pursued in the fabrication of 

synthetic supramolecular assemblies.38,102-105 However, a single hydrogen bond is weak. In order 

to organize molecules into discrete, ordered structures, multiple hydrogen bonds through 

encoded pre-organized arrays of complementary hydrogen bond donors and acceptors, combined 

with sterically constrained, well-defined molecular geometry, has been widely used in molecular 

design.38,103,104  

Many elegant and inspiring examples of this classic approach have been reported, which 

has advanced our understanding of molecular recognition, host-guest complexation and 

supramolecular chemistry. One of the most well known examples of using hydrogen bonding in 

dendrimer self-assembly was developed by Zimmerman and co-workers.86,106,107 Because of the 

carboxylic acid dimmer formation, isophthalic acid itself self-assemble into cyclic hexamers or 

linear, zigzag polymeric aggregates. By linking two isophthalic acid units with a rigid spacer, 

and then attaching Fréchet type 3,5-benzyl ether dendrons onto this tetraacid core, these 

dendrimers self-assembled into cyclic hexamers in organic solvent. By controlling the generation 

of the attached dendron, the stability of these cyclic hexamers could be controlled. Other core 

structures which can also form complementary hydrogen bonding arrays were used to construct 

hexametric, linear dendrimer self-assemblies. For example, Meijer and co-workers 

functionalized the periphery of poly(propylene imine) dendrimers with adamantylurea,108 upon 

the addition of PEO containing ureido-acetic acid ends, they self-assembled into supramolecular 

dendrimer networks through hydrogen bonding between adamantylurea and ureido-acetic acid. 

Other than these complex self-assembly morphologies, hydrogen bondings are also used to link 

dendrons together into dendrimers.109,110  
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While hydrogen bonding provides precise control over the assembly architectures, this 

strategy is largely limited to making dimers and cyclic oligomers, and is difficult to use to 

fabricate more complex assemblies from large numbers of molecular subunits. Another great 

challenge for hydrogen bonding is that it is strongly solvent dependent and prone to be disrupted 

in competitive solvents. For example, water is the exclusive solvent in nature yet one of the most 

difficult media for intermolecular hydrogen bonding.101 How to strategically construct robust and 

functional molecular self-assembly by hydrogen bonding in aqueous solution represents a 

formidable yet important task. 

1.4.3. Metal complexation 

Metal complexation is an essential part in supramolecular chemistry, as well as 

dendrimer chemistry, and has been the subject of numerous reviews.111-113 The metal ion can be 

used to assemble two or three dendrons together. The assembly of dendrimers via metal 

coordination was first reported by Newkome and co-workers, where by two different dendrons 

having a terpyridine core are linked together by ruthenium ion.114 Chow and co-workers studied 

the properties of dendrimers with ruthenium and iron ions as models of redox proteins.115 Fréchet 

and co-workers reported the assembly of three identical dendrons linked together by the 

coordination of a lanthanide cation.116,117 Other than locating coordination center in the 

dendrimers’ core, metal ions can be found throughout all layers. Balzani and co-workers 

developed a dendrimer construction method using ruthenium ion at all of the branch points to 

connect all of the subunits together.118,119 Astruc and co-workers showed that by coupling 

dicyclopentadienyl iron onto dendrimer’s periphery, dendrimer can function as electrochemical 

sensor to recognize both oxo-anions and late transition-metals cations.120-122 The utilization of 

metal coordination in dendrimer supramolecular chemistry has been explored as catalysts, 
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photochemical devices and molecular electronics. However, this design strategy is limited to 

making dendrimers from dendritic subunits, and it is difficult to use for the production of more 

complex assemblies.  

1.4.4. Electrostatic interaction 

Electrostatic interactions have also been exploited as the design strategy for dendrimer 

self-assemblies. Dendrimers with cationic terminal groups showed to bind with DNA or 

oligonucleotides via electrostatic interactions. Dendrimer-loaded DNA microarrays and 

biosensors have been the subject of several reviews.123-126  Newkome and co-workers reported 

the formation of superstructures by the multi-ion pairing between dendrimer and 

metallomacrocycle.90 The stable nanofibers were produced by the ion-promoted, 

automorphogenic and stoichiometric self-assembly utilizing the negatively charged, first 

generation dodeca carboxylate-terminated dendrimers and positively charged, rigid Ru-

containing hexameric macrocycle. When 3rd generation dendrimers were used, spheres were 

obtained. Recently, Aida and co-workers reported the formation of high-water-content 

mouldable hydrogels by mixing clay and a very small proportion of dendritic molecules. 

Basically, the positively charged dendritic molecules served as binders to crosslink the clay 

nano-sheets together into a supramolecular network via salt-bridging.127      

1.5 Challenges in current research 

In the past few decades, dendrimers have been used to construct functionalized 

supramolecular assemblies. However, there are still many challenges remain unsolved.  

First of all, the controllable fabrication of nanometer-scale functional structures is one of 

the central issues in supramolecular studies.128 Because of the disadvantages of the current 

design strategies, the development of alternative approaches is indispensable. As we have 
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discussed previously, cooperativity is essential for a wide variety of biological assembling 

structures and functions. However, little work has been done to combine and maximize 

multivalent and subunit cooperative binding towards constructing supramolecular self-

assemblies from large numbers of subunits. On the other hand, dendrimer self-assemblies, 

however, were largely based on traditional amphiphile hydrophobic effect, guest-host 

complexation, or dimeric/oligomeric linkages via H-bonding or metal coordination. The unique 

features of dendrimers as molecular spheres with highly-branched peripheral binding sites hasn’t 

been fully explored in supramolecular self-assembly.  

Secondly, constructing functional supramolecular assemblies are always difficult in 

competitive solvents-water, since these competitive solvent would interrupt the weak 

interactions-hydrogen bonding. That’s why the traditional strategies of utilizing the more 

directed interactions, e.g. hydrogen bonding, π-π interactions, and metal coordination, are largely 

limited to making dimers and cyclic oligomers in solution. The less specific and directional 

hydrophobic interactions are widely utilized in aqueous solution to provide strong enough 

driving force to hold molecules together. However, hydrophobic interactions’ nature decides 

they wouldn’t provide sufficient architectural specificities. In order to utilize the more directed 

interactions to fabricate delicate assemblies from large numbers of molecular subunits, the new 

self-assembly approaches are needed to overcome the energy barrier from solvent interruption.  

Thirdly, one of the greatest achievements of supramolecular chemistry is that it provides 

a convenient bottom-up approach to fabricate nano-scaled capsules. These capsules have been 

widely applied in many technologies, ranging from drug delivery, food processing, waste 

removal, to catalysis, artificial enzyme reactors and protein/cell transplantations. However, 

efficient and selective encapsulation is always challenging. Many different approaches have been 
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engineered to achieve the desired encapsulation. Among these approaches, using emulsion as 

templates to direct capsule formation has the advantages of simplicity, effectiveness and 

versatility, and has attracted lots of interest. Nanometer- to micrometer- sized spherical particles 

were shown to spontaneously adsorb onto the emulsion surface.  However, treatments have to be 

performed to interlock these particles together into solid capsules. Despite the tremendous 

success with solid nanoparticles and colloidal particles, little attention has been given to applying 

this general emulsion adsorption mechanism to molecules. This is probably because most 

molecules are not suitable for this application, since they are below nanometer in size and highly 

dynamic in molecular conformations. Dendrimers have the unique nanometer size and spherical 

architecture. However, the ability of dendrimers to spontaneously adsorb onto emulsion droplet 

surface – just as solid nanoparticles- has not been explored. 

Fourthly, symmetry is an important structural property that influences the functions and 

properties of objects at all scales, ranging from molecules and nano/micro-particles to 

macroscopic matters. Considerable effort has been made to construct chiral supramolecular 

structures that maybe of interest for optoelectronic applications, or as templates for functional 

nanoparticle self-assemblies for chiral catalysis and sensor applications. The most popular design 

strategy is by incorporating chiral centers within the molecular subunits to generate asymmetric 

supramolecular complexes. However, the asymmetric components are not limited to chiral center. 

Little efforts has been made to reveal how the simple shape non-symmetry of molecules subunits 

can impact their supramolecular self-assembly processes.  
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1.6 The goal and organization of this dissertation 

1.6.1. Overall goal 

As introduced above, cooperativity is a general principle that facilitate multivalent 

binding in the functional self-assembly process, which is essential for a wide variety of 

biological assembling structures and functions. However, cooperativity has not been fully 

utilized for generating synthetic functional supramolecular assemblies. The existing challenges 

supramolecular chemistry facing would further lead us to search for new ways to utilize and 

maximizing cooperativity to fabricate functional supramolecular assemblies. Dendrimers are 

nanometer-sized macromolecules with three-dimensional, highly-branched architectures. The 

multivalent binding sites on dendrimers’ surface make them ideal candidates for maximize 

cooperativity. Therefore, the overall goal of my Ph.D study is to explore the unique feature of 

dendrimers and their ability to maximize cooperative binding as a novel self-assembly approach 

to construct functional supramolecular structures.  

1.6.2. Organization of this thesis 

In Chapter 2, we demonstrated that the unique features of dendrimers can maximize 

cooperative binding and enable their self-assembly into capsules via electrostatic interactions. 

Dendrimers with carboxyl peripheral groups self-assembled into capsules in aqueous solution 

with the addition of divalent metal ions. These supramolecular capsules are tunable in size and 

thickness, controllable in disassembly, and can be potentially used for a wide variety of 

encapsulation applications. 

In Chapter 3, we further exploit the cooperative feature of dendrimers and reveal the 

intriguing ability of cooperative H-bonding in regulating supramolecular self-assembled capsules 

in highly-competitive solvents. Such cooperatively H-bonded dendrimer capsules can 
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conveniently encapsulate guest materials into their cavity, and have the advantage of the thermo-

responsive functionality to trigger controlled disassembly of the capsules and release of the 

encapsuslant.  

In Chapter 4, emulsion template assembly was utilized to direct the cooperative self-

assembly of dendrimers into a wide size range of supramolecular capsules. The unique feature of 

dendrimer and the flexibility of emulsification in the encapsulation of various materials allows 

for generating more sophisticated encapsulation systems, which can be potentially used for a 

wide variety of applications.  

In Chapter 5, we explored the feasibility of combining other more directed interactions, e.g. 

hydrogen bonding, π-π interactions at dendrimers’ core with the periphery cooperative bindings. 

Dendrimers with an arene ring as the core self-assembled into capsules via periphery cooperative 

bindings, meanwhile the π-π interactions at dendrimers’ core help stack them co-facially in 

membrane. This work provide the foundation for further incorporating functional groups into 

dendrimers core to generate dendrimer capsules with built-in pores/channels, which can 

spontaneously and selectively encapsulate or release certain materials. 

In Chapter 6, the effect of shape symmetry in regulating the supramolecular self-

assembly will be discussed. By coupling two different-sized but chemically identical dendritic 

fragments together, the spatial symmetry of dendrimer molecules are broken. Asymmetric 

dendrimers showed to assemble into cylindrical superstructures, from parallel fibrillar bundles to 

supercoiled double-helices. This study provides new insights into supramolecular asymmetry, 

and offers a new systematic design principle for constructing novel asymmetrical supramolecular 

structures that maybe of interest for optoelectronic applications, or as functional nanoparticle 

templates for chiral catalysis and sensor applications. 
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2.1 Abstract 

We exploit the unique features of dendrimers as molecular nanospheres with many 

peripheral binding sites to show that maximizing cooperative binding enables a novel modular 

self-assembly approach to construct supramolecular capsules. 

2.2 Introduction 

 

 

Figure 2.1  Schematic illustration of the cooperative binding of dendrimers into supramolecular 

capsules. 

 

Cooperativity is a general principle that governs multivalent binding between two entities, 

e.g. multivalent ligand-receptor interactions, as well as subunit binding in self-assembly 

processes, e.g. collective base pairing in DNA double-helix formation and assembling of protein 

subunits into viral capsid or cytoskeleton superstructures.1-3 Cooperative multivalent binding in 

molecular recognition has been well studied.1-3 However, limited effort has been made to 

combine and maximize multivalent and subunit cooperative binding towards constructing 

functional supramolecular self-assemblies from large numbers of subunits. Here, we explore 
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dendrimers as molecular nanospheres with highly-branched peripheral binding sites to show a 

new concept that maximizing cooperative binding enables a novel modular self-assembly 

approach to construct functional supramolecular capsules, as shown in Figure 2.1.  

Dendrimers have a highly branched architecture emanating from the core, thus can 

provide many binding sites at the periphery. They are globular in topology, monodispersed in 

size, and nanometers in dimension (1∼10nm).4-6 Dendrimers and their conjugates are not only of 

great interest to molecular recognition studies, but have also been vigorously pursued in the 

fabrication of supramolecular self-assemblies, ranging from dimers, oligomers, megamer clusters, 

rotaxane complexes, to large assemblies such as vesicles, fibers, gels and liquid crystals. 7-13 

Despite tremendous achievements, such dendrimer self-assemblies, however, were largely based 

on traditional amphiphile hydrophobic effect, guest-host complexation, or dimeric/oligomeric 

linkages via H-bonding or metal coordination. The unique features of dendrimers as molecular 

nanospheres with highly-branched binding sites are yet to be fully exploited. 

2.3 Results and Disscussion 

To demonstrate the generality of the cooperative binding concept, here we studied two 

types of dendrimers that differ significantly in composition, branching motif and rigidity - 

Fréchet-type dendrimers with 1→2 aryl branching motif and ether connectivity, and Newkome-

type dendrimers with 1→3 C-branching motif and amide connectivity, Figure 2.2A, 2.3A. Each 

dendrimer was functionalized with carboxyl peripheral groups to allow for potential electrostatic 

interactions in water. The benzyl ether interior of the Fréchet dendrimers is rather rigid and 

highly hydrophobic, whereas the Newkome dendrimers have much more conformational 

freedom around sp3-C branching points, and their amide rich interior is much more hydrophilic. 

Consistently, our molecular Dynamics (MD) simulations on the Newkome dendrimers 
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demonstrated a large degree of conformational flexibility and revealed water penetration into 

their amide-rich interior, Figure 2.3A(II). The distinct difference between these two types of 

dendrimers was also confirmed by solubilization of hydrophobic fluorescent dyes inside the 

Fréchet dendrimers, but not by the Newkome dendrimers.  
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Figure 2.2. Ca2+ induced self-assembly of Fréchet-COO− dendrimers into supramolecular 

capsules in water. (A) I. Molecular structure; II. FM and cryo-TEM (inset) imaging on dispersed 

Fréchet-COO− dendrimers; (B) I. Cross-section projection of the Ca2+ induced capsules imaged 

by FM and TEM (inset); II. Surface topology of the capsules imaged by negatively-stained TEM; 

III. Encapsulation of red-fluoresecentl Dox by the capsules.  

 

The carboxyl peripheral groups can completely dissociate into carboxylate anions (-

COO−) at neutral pH in aqueous solution, and both types of dendrimers dispersed as individual 
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molecules upon dissolution in water, Figure 2.2A(II), 2.3A(III). Although the Fréchet dendrimers 

have highly hydrophobic benzyl ether interiors, their hydrophobic associations into bilayer 

vesicles are unlikely due to their conformational rigidity. In fact, such Fréchet dendrimers are 

well known as unimolecular micelles in water, where the hydrophobic benzyl ether interior 

collapses into a rigid core surrounded by closely packed polar groups at the surface.14 Direct 

Fluorescent Microscopy (FM) imaging of dye-labeled Fréchet-COO− dendrimers revealed their 

Brownian motion in water as dispersed individual molecules, Figure 2.2A(II). Cryogenic-

Transmission Electron Microscopy (Cryo-TEM) with resolution in nanometers showed similar 

results to those obtained by FM, Figure 2.2A (II, inset), where the diameters of the fourth-

generation-(G4)-Fréchet-COO− dendrimers (with 32 peripheral groups) and second-generation-

(G2)-Fréchet-COO− dendrimers (with 8 peripheral groups) were measured as 5 nm and 3 nm 

respectively. Cryo-TEM studies on Newkome- COO− dendrimers showed that they are also 

dispersed molecular nanospheres with average diameters of 4 nm and 2.5 nm for G2 (with 36 

peripheral groups) and G1 (with 12 peripheral groups) respectively. 

 Regardless of core composition and hydrophobicity, branching motif or generations, 

upon the addition of divalent Ca2+, the dendrimer-COO− nanospheres spontaneously assembled 

into submicron hollow capsules, Figure 2.2B (I), 2.3B. Both FM and TEM imaging of these 

capsules revealed the projection of hollow cavities and dense membranes. Negative staining in 

TEM, Figure 2.2B (II), further resolved the enclosed, ragged surface topology of these capsules, 

which appear to be composed of large numbers of tightly bound dendrimer nanospheres. The 

enclosed capsule structure was further confirmed by their ability to encapsulate guest materials 

into their cavity, as demonstrated in Figure 2.2B (III), using red-fluoresecent anti-cancer drug 

Doxorubicin. Based on the membrane volumes of the capsules and the sizes of the dendrimer 



32 

nanosphere molecules, we estimate these dendrimer capsules to contain hundreds to more than 

tens of thousands of dendrimer nanosphere units. These capsules were also observed to be robust 

and stable against shear and rupture stress.  
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Figure 2.3. Ca2+ induced self-assembly of Newkome-COO− dendrimers into supramolecualr 

capsules in water. (A) I. Molecular structure; II. MD simulation; Grey/red contour – deviation in 

conformations; III. Cryo-TEM imaging on dispersed Newkome-COO− dendrimers in water; (B) 

Scaling and illustration of the capsule thickness with the Ca2+/carboxylate molar ratio. 

 

Although both types of dendrimers formed capsules with Ca2+, they differed distinctively 

in their response to Ca2+. Fréchet-COO− dendrimers required excess Ca2+ than total carboxylates 

to assemble, i.e. Ca2+:COO−≥4, whereas Newkome-COO− dendrimers, regardless of generations, 

began to form monolayer capsules at Ca2+:Dendrimer~3:1, where the Ca2+ stoichiometry is far 
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below carboxylates, i.e. Ca2+:COO− = 1:8 for G2, Figure 2.3B. Newkome dendrimers also tend 

to form smaller and thinner capsules than Fréchet-COO− dendrimers. Capsules from G4-Fréchet-

COO− dendrimers have average cavity sizes around 100nm and their membrane thickness can 

grow up to 100nm at high Ca2+ concentrations, whereas G2-Newkome dendrimers with 

comparable number of peripheral groups formed capsules with average cavity sizes around 50nm 
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Figure 2.4. Ca2+ induced supramolecular capsule formation from the smaller lower generation of 

carboxylate-dendrimers. A. Capsules from G2-Fréchet-8COO- dendrimers; The average cavity 

size is around 70nm, and the membrane thickness can grow up to 80nm. B. Capsules from G1-

Newkome-12COO- dendrimers; The average cavity size is around 30nm, and the membrane 

thickness can grow up to 12nm. 

 

and their thickness can grow from monolayer to a maximum of 20nm with increasing Ca2+ 

concentrations, Figure 2.3B. The size and thickness of the capsules also depended on the 
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generation of the dendrimers. For both types of dendrimers, the smaller lower-generation 

dendrimers formed smaller cavities with thinner membranes, Figure 2.4. 

Such Ca2+ induced capsule formation is distinctively different from the classical 

amphiphile hydrophobic-effect driven bilayer vesicles, as this process is independent of 

hydrophobicity and the membrane thickness can grow from monolayer to far beyond bilayers. 

Although Ca2+ is commonly used for inducing coil and aggregation of carboxylate based 

polyelectrolytes,15,16 the formation of the ordered hollow capsules here is surprising. Hollow 

capsule formation, such as in viral capsid, generally proceeds by nucleation and growth pathway, 

where an oligomeric patch forms first followed by bending and expansion into a shell to 

minimize the surface energy.17,18 The dendrimers here share some common features with 

proteins, as they are nanometers in size and spherical in shape with many binding sites at 

periphery. Divalent Ca2+ can not only bind with -COO− as counterion, but can also form COO−-

Ca2+-COO− salt-bridges linking between dendrimer nanospheres. The highly branched feature of 

dendrimers would also allow for multiple Ca2+ salt-bridges between dendrimers, as well as three-

dimensional binding into multiple layers with sufficient Ca2+, consistent with the observed 

capsule thickening with the increasing Ca2+.  

To better understand the Ca2+/COO− binding that underlies the capsule formation, we 

used isothermal titration calorimetry (ITC) to study the energetics of the binding process. Ca2+ 

was added incrementally into the aqueous solution of the more sensitive Newkome-COO− 

dendrimers. The heat changes of the titration and the integrated heat per mole of added Ca2+ 

versus the molar ratio of Ca2+:Dendrimer were plotted in Figure 2.5. Interestingly, the titration 

was multiphasic and was best fitted with the two independent binding site model. The most 

obvious distinction among sites possible in this system is between individual Ca2+-COO− 
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counterion binding and COO−-Ca2+-COO− salt-bridge forming to join two dendrimers. The 

parameters reported by ITC for two processes were K1 = 3.1×103 M-1, ΔH1 = 7.5 kcal/mol, 

TΔS1= 12.2 kcal/mol, ΔG1 = -4.7 kcal/mol; and K2 = 4.8 × 104 M-1, ΔH2 = -3.4 kcal/mol, TΔS2 = 

1.7 kcal/mol, ΔG = -5.1 kcal/mol. Both binding events are spontaneous processes with release of 

free energy. The first process is endothermic and entropically driven, consistent with disruption 

of the ordered water solvation shell upon individual counterion binding.19 Average binding 

constant K1 is also similar to the previously reported Ca2+-COO− counterion binding constant20. 

In contrast, the second Ca2+ binding process is exothermic and enthalpically driven with the 
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Figure 2.5. ITC analysis on Ca2+ binding to Newkome-COO− dendrimers. Left panel shows the 

calorimetric titrations; Right panel displays the integrated heat values as a function of molar ratio. 

The solid line represents the curve fit to a two independent binding site model. 

 

average K2 ten times greater than K1. The isotherm is also sigmoidal, indicating a positive 

cooperative effect.  The second process is likely the COO−-Ca2+-COO− salt-bridge binding that 
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assembles dendrimers into capsules, where the formation of the highly ordered dendrimer 

nanosphere lattices would yield exothermic lattice energy and entropy loss. In addition, as two 

dendrimers are brought together by the first Ca2+ salt-bridge formation, their proximity would 

facilitate the subsequent formation of Ca2+ salt bridges between them and maximize the 

cooperativity. Multiple bonding in turn can enhance the binding strength between dendrimers, 

and stabilize the self-assembly structure and account for the robustness of these capsules.  

The Ca2+ induced cooperative binding of dendrimers also explains for the observed 

differences between Fréchet- and Newkome-COO− dendrimers. As rigid spheres with tightly 

packed carboxylate groups at the surface, Fréchet dendrimers require addition of more Ca2+ to 

bind and screen the densely negative surface charges first, before they can be brought to 

proximity to form Ca2+ salt-bridges.21 In contrast, the carboxylate groups in the highly flexible 

Newkome dendrimers are more like independent point charges, which can extend to form Ca2+ 

salt-bridges much more freely. The flexibility of Newkome dendrimers would also enable 

bending into much smaller shells as observed. Quantitatively, since at least one Ca2+ salt-bridge 

is needed to link between every two Newkome dendrimers and each dendrimer sphere would be 

surrounded by six neighbors in close-packing, a minimum ratio of Ca2+:Dendrimer = 6/2 (3:1) 

would be required to induce the capsule formation for Newkome dendrimers, which is consistent 

with our experimental finding. 

Cooperative binding not only allows for flexible supramolecular dendrimer capsule 

fabrication, but also possesses the advantage of ease in controlling disassembly towards release. 

Since the capsules are bound by Ca2+ salt-bridges, removal of Ca2+ would cause the capsules to 

disassemble into dendrimer monomers. Figure 2.6 shows that as EDTA, an effective Ca2+ 
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chelator that can withdraw Ca2+ from the capsules, was added to Frèchet-COO−/Ca2+ capsule 

solutions, the capsules quickly disassembled   within time, which was directly observed by FM.  

 

 

Figure 2.6. FM imaging on the disassembly of the Fréchet-COO−/Ca2+ capsule by the addition of 

EDTA. Scale bar: 1 μm. 

 

2.4 Conclusion 

In summary, we have exploited the unique features of dendrimers as molecular 

nanospheres with highly-branched binding sites and demonstrated their ability to maximize 

cooperative binding, which enables a novel modular self-assembly approach to construct 

supramolecular capsules. Such capsules by cooperative binding are tunable in size and thickness, 

controllable in disassembly, and can be potentially used for a wide variety of encapsulation 

applications.  

2.5 Experimental Information 

2.5.1 Materials 

G2-Fréchet-8COOH and G4-Fréchet-32COOH, were synthesized by the reported 

convergent route14, using 3,5-dihydroxybenzyl alcohol as the monomer unit and step-wise 

growth process consisting of activation by bromination and coupling by alkylation, Figure 2.7. In 

the final step, two dendritic fragments were coupled with difunctional core, 4,4’-dihydroxy-  
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Figure 2.7 Reaction scheme for the preparation of dendritic benzyl ether fragments. 
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biphenyl, and followed by hydrolysis of the methyl ester protecting groups, Figure 2.8, 2.9. All 

synthesized dendrimers were characterized by NMR before use. 1H NMR([H6]-DMSO) of the 

synthesized G2-Fréchet-8COOH:  δ(ppm) = 4.94 and 5.05 (s,24H,OCH2),  6.4-6.7(m, 18H, ArH), 

6.91(m,4H, core ArH) and 7.44 and 8.00(m, total 36H, 32 PhH and 4 core ArH ). 1H NMR([H6]-

DMSO) of the synthesized G4-Fréchet-32COOH: δ(ppm) = 4.95 and 5.10 (s,124H,OCH2),  6.49-

6.70 (m,90H,ArH), 6.91(m,4H,core ArH),  7.50 and 7.98 (m, total 132H, 128PhH and 4 core 

ArH). 
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Figure 2.8 Reaction scheme for the preparation of G2-Fréchet-8COOH. 
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Figure 2.9. Reaction scheme for the preparation of Frechet-G4-32COOH. 
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G1-Newkome-12COOH and G2-Newkome-36COOH, were synthesized by the reported 

divergent approach. The tri-branched amine monomer was synthesized by the addition of 

nitromethane to t-butylacrylate, followed by Raney-nickel reduction22, Figure 2.10, and the 

tetraacid core was prepared by Michael addition of acrylonitrile to pentaerythritol23,24, Figure 

2.11. The different dendrimers were synthesized by  using the tetraacid core and stepwise growth 

consisting of DCC/1-HBT peptide coupling with the tri-branched amine monomer, and 

activation by facile removal of the t-Butyl protecting group,23,25 Figure 2.12, 2.13.  

1H NMR(D2O) of the synthesized G1-Newkome-12COOH: δ(ppm) = 1.76 

(t,24H,CH2CH2COO),  1.98 (t,24H,CH2COO), 2.32(br,8H,CH2CONH) and 3.15(br,8H,CH2O) 

and 3.52(br,8H,OCH2).  

1H NMR(D2O) of the synthesized G2-Newkome-36COOH: δ(ppm) = 1.75 and 1.95  (br, 

192H, CH2CH2CO),  2.38 (br,8H,CH2CONH), 3.24(br,8H,CH2O) and 3.50(br,8H,OCH2).  
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Figure 2.10. Reaction scheme for the preparation of tri-branched amine monomer. 
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Figure 2.11. Reaction scheme for the preparation of tetraacid core. 
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Figure 2.12. Reaction scheme for the preparation of G1-Newkome-12COOH. 
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Figure 2.13. Reaction scheme for the preparation of G2-Newkome-36COOH. 
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2.5.2 Methods 

Fluorescent and Light Microscopy Imaging was taken by labeling the Fréchet-type 

dendrimers in aqueous solution with a hydrophobic fluorophore dye (PKH 26).  The dipersed 

dendrimers and their self-assembled supramolecular capsules by the addition of Ca2+ in water 

were directly observed on an Olympus IX71 inverted fluorescence microscope with a 60X 

objective and a Cascade CCD camera. 2 μL samples were used in the chamber formed between 

glass slide and cover slip for imaging.  

Cryo-Transmition Electron Microscopy (TEM) imaging on the dispersed carboxylate-

decorated dendrimers in aqueous solutions was carried by pipetting 3μL of the sample solution 

onto a carbon coated copper grids. A piece of filter paper was then used to quickly remove the 

excess liquid, and the sample copper grid was quickly plunged into liquid nitrogen to ensure 

vitrification. The specimen was stored under liquid nitrogen, and then transferred to a cryogenic 

sample holder (Gatan 626) in a FET TECNAI 20G TEM operating at -177°C for imaging. 

Regular-TEM, negatively-stained TEM imaging on the Ca2+ induced capsules, the 

specimens were freeze dried before imaging. The surface topology was obtained by negative 

staining. A droplet of 2% uranyl acetate was placed onto the freeze dried specimen for 60 

seconds and the excess liquid was removed by filter paper before imaging. TEM images were 

obtained on a FET TECNAI 20G Transmission Electron Microscopy operating at an acceleration 

voltage of 200kV and at ambient temperature.  

Encapsulation of Doxorubicin was carried by first dissolving Doxorubicin, a 

spontaneously red-fluorescent anti-cancer drug, in aqueous solution. Fréchet-COO− dendrimers 

and then Ca2+ were added to Dox solution to form capsules and encapsulate Dox. The Dox-

loaded Fréchet-COO−/ Ca2+ capsules were then collected by centrifuge and re-dispersed in water. 
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Fréchet-COO− dendrimers were then green fluorescently-labeled for FM imaging, which 

demonstrated the encapsulation of the red-fluorescent Dox within the cavity of the green-

fluorescent Fréchet-COO− dendrimer capsules. 

Isothermal Titration Calorimetery (ITC) measurements were recorded on a VP-ITC 

MicroCalorimeter (MicroCal, Inc). Aqueous solution of 0.344 mM G2-Newkome-36COO- 

dendrimer at pH 7.4 was loaded into the titration cell, and the reference cell was filled with 

deionized water. Fifty successive injections of 50 mM Ca2+ were made into the dendrimer 

sample cell in 5 μL increments at 10 min interval with stirring at 300 rpm to ensure complete 

equilibration. Control experiments to determine the heat of dilution were carried out by making 

identical injections in the absence of dendrimers. The net binding reaction heat was obtained by 

subtracting the heat of dilution from the measured total heat of reaction. The titration data were 

then fitted using the MicroCal Origin software and least-square algorithm, and these data were 

best fit to a two independent binding site model. The binding enthalpy ΔH, binding constant K, 

and the binding stoichiometry n were permitted to float during the least-square minimization 

process and taken as the best-fit value. 

Molecular dynamics (MD) simulations on the conformations of  the Newkome-

carboxylate(COO-) dendrimers in water were performed with the GLYCAM06 force field with 

the Sander module of the AMBER 9 simulation package26. Molecular dynamics (MD) 

simulations was done by Matthew Tessier and Dr. Robert Woods, and is included as an 

important result in this chapter. Detailed simulation procedures can be found in the following 

webpage: http://www.glycam.com/supporting_info.html. Briefly, Newkome-COO- dendrimers 

were built from the angles and torsions obtained from HF/6-31++g** optimized fragments which 

were used to generate the partial charge models. These initial structures were then subjected to a 
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gas-phase minimization using a 5,000 step minimization with a dielectric of 1.0 and a non-

bonded cutoff of 12.0 Å. Before solvating the dendrimer molecule, it was neutralized by 18 Ca
2+ 

ions27 to allow for Particle Mesh Ewald simulations28. The optimized dendrimer models were 

then solvated using a minimum of edge to solute distance of 8.0 Å to form a cubic box of water. 

Each solvated complex was minimized using 5,000 steps of steepest descent and up to 15,000 

steps of conjugate gradient minimization with a 8.0 Å non-bonded cutoff and a dielectric 

constant of 1.0. Following minimization, the dendrimer was subjected to a series of constant 

pressure (NPT) simulations using a 2 fs timestep, non-bonded scaling factors set to unity, an 8.0 

Å non-bonded cutoff, a pressure of 1.0 atm, and a compressibility equivalent to water, 44.6 10
–11 

m kg
–1 

s
2
. Since the dendrimers were developed from small fragments, it was necessary to 

equilibrate the system using 100 ps of heating from 5 K to 300 K followed by 10,000 ps at 300 K 

and annealing from 300 K back to 5 K over 600 ps. A standard heat/cooling scheme was used to 

disorder and relax the dendrimers into different conformations. The first heating/cooling scheme 

consists of heating from 5 K to 300 K over 50 ps followed by 50 ps of heating to 1,000 K and 

500 ps of simulation time at 1,000 K. The system was then cooled to 300 K over 100 ps and 50 

ps of simulation time was obtained at 300 K and re-heated once more from 300 K to 1000 K over 

50 ps and a 1000 K simulation time of 500 ps followed by cooling back to 300 K over 100 ps. In 

subsequent heating schemes, the simulation is heated from 5 K to 300 K for 50 ps and the 

simulation is not annealed to 5 K between cycles. Ten sequential heating/cooling schemes are 

performed where structures are extracted after each scheme finishes and these structures were 

each subjected to a 10 ns production run at 300 K yielding ten distinct production simulations of 

10 ns each. The solvent accessible surface area (SASA) was obtained from the MM_PBSA 

module in AMBER. An estimation of the diameter of the solvated dendrimers was also 
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performed using the average maximum cross-distance from the heavy atoms at the ends of each 

finger to each finger on the branch opposite it. The two maximum distances from both pairs of 

opposite branches are then averaged together to get an approximate diameter. The average 

diameter for G2- and G1-Newkome-COO- dendrimers were calculated as 4.1 nm and 2.7 nm 

respectively, consistent with the cryo-TEM measurements.  
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3.1 Abstract 

Hydrogen bonding is one of the most important interactions for constructing 

supramolecular assemblies. However, because hydrogen bonding is strongly solvent dependent 

and prone to be disrupted in competitive solvents, e.g. water, strategically construct robust and 

functional molecular self-assembly by hydrogen bonding in aqueous solution by hydrogen 

bonding is yet to be explored. Here, we demonstrate that despite lack of directionality and 

specificity, highly cooperative hydrogen bonding enables dendrimers spontaneously self-

assemble into stable hollow capsules in not highly-competitive organic and aqueous solution. 

Such cooperatively H-bonded dendrimer capsules are thermo-responsive in nature, and we found 

a narrow and facile temperature window can be used to trigger controlled disassembly and 

release. 

3.2 Introduction 

Molecular self-assembly through non-covalent bonding is the cornerstone towards 

advancing the complexity in structure and function of matter. In the course of molecular self-

assembly processes, cooperativity plays an important role. Cooperativity is a general principle 

that applies to not only multiple binding between two entities, but also processes that involve 

multiple subunits, where multi-valent or multi-unit binding can be collectively enhanced than 

corresponding monovalent or single unit interactions.1-3 Both of the multi-valent and multi-unit 

cooperativity are ubiquitous in biology – e.g. the multi-valent cooperative binding between 

ligands and receptors is commonly seen in substrate-enzyme association, cell adhesion, signal 

transduction and gene regulation,4 whereas the subunit cooperativity is reflected in collectively 

base pairing in DNA double-helix formation, folding of protein polyamide backbones into 

secondary structures, and assembling of protein subunits into viral capsid and cytoskeleton 
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superstructures.1-3 Cooperativity is not only essential to biological structures and functions, but 

also crucial to the design of synthetic molecular self-assembly. Since non-covalent forces are 

generally weak by nature, cooperative multiple binding, i.e. multi-valent cooperativity, between 

molecules can create sufficient bonding strength for assembly to occur. The subunit 

cooperativity, on the other hand, can help achieve self-directing, self-recognizing, and self-

correcting in self-assembly processes.5-7 Although multivalent cooperativity between the two 

entities has been extensively studied in molecular recognition, little effort has been made to use 

both multi-valent and subunit cooperativity in molecular self-assembly to enhance one another 

and thus maximize cooperative binding. Such an approach will greatly enhance the control and 

ease in orchestrating molecular self-assembly process, and provide a new conceptual design 

platform towards constructing complex, robust and functional supramolecular self-assemblies. 

Among different non-covalent forces, hydrogen bonding is one of the most important 

binding interactions, which is not only commonly employed in biological systems and processes, 

such as in DNA double-helix formation and protein folding,8 but also widely pursued in the 

fabrication of synthetic supramolecular assemblies.9-13 However, a single hydrogen bond is 

rather weak. To achieve sufficient bonding strength, directionality and specificity between 

molecules, especially in order to organize molecules into discrete, ordered structures, multiple 

hydrogen bonding through encoded pre-organized arrays of complementary hydrogen bond 

donors and acceptors, combined with sterically constrained, well-defined molecular geometry, 

has been widely used in molecular design.10-12 Many elegant and inspiring examples by this 

classical approach have been reported to advance our understanding in molecular recognition, 

host-guest complexation and supramolecular chemistry. This strenuous design strategy, however, 

is largely limited to making dimers and cyclic oligomers, and is difficult to apply to fabricating 



52 

more complex assemblies from large numbers of molecular subunits. Another limitation of  

hydrogen bonding is that it is strongly solvent dependent and prone to be disrupted in 

competitive solvents. For example, water is the exclusive solvent in nature yet one of the most 

difficult media for intermolecular hydrogen bonding.8 How to strategically construct robust and 

functional molecular self-assemblies by hydrogen bonding in aqueous solution represents a 

formidable yet important task. 

Previously, we have exploited the unique features of dendrimers as highly-branched 

molecular nanospheres, and revealed their ability to combine and maximize multi-valent and 

multi-unit cooperative binding in the self-assembly process. In Chapter 2, we demonstrated that 

maximizing cooperative binding enables dendrimers to self-assemble in large numbers into 

discrete, close-packed capsules via ionic salt-bridge interactions.14  Ionic interactions, however, 

are a much stronger force than hydrogen bonding and are much less influenced by solvents. 

Whether cooperativity would be powerful enough to allow self-assembly through weak and 

solvent-sensitive hydrogen bonding in different solvents, including water, is an intriguing and 

challenging question. 

3.3 Results and Discussion 

Two types of dendrimers that differ significantly in composition, branching motif and 

rigidity were examined – i.e. rigid aryl-branched Fréchet-type dendrimers and more flexible C-

branched Newkome-type dendrimers, Figure 3.1A. Dendrimers were then functionalized with 

simple carboxyl (-COOH) or hydroxyl (-OH) peripheral groups to allow for potential H-bonding. 

The spherical geometry of dendrimers does not impart directionality, and no predefined H-bond 

recognition pattern at the dendrimer periphery has been programmed either. 
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Figure 3.1 Spontaneous self-assembly of carboxyl-terminated dendrimers into capsules in 

organic solvents. (A) Molecular structure. (B) Cross-section projection of the capsules by light 

microscopy. Inset: Surface topology imaged by negatively-stained TEM, scale bar:500nm. (C) 

DLS measurements of Fréchet dendrimer capsules in THF. 

 

Upon dissolution in less polar organic solvents, such as chloroform and THF, both 

Fréchet and Newkome-COOH dendrimers, regardless of their structural differences, immediately 

self-assembled into submicron hollow capsules, Figure 3.1B. These capsules remained 

suspended in solution without precipitation, due to their submicron colloidal sizes. Direct 
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imaging in solution by light microcopy revealed the projection of the hollow cavities and dense 

membranes of these capsules. Negative staining in TEM (inset) further resolved the enclosed 

surface. Dynamic Light Scattering (DLS) measurements revealed fairly narrow size distribution 

of these capsules, consistent with the TEM imaging, Figure 3.1C. It seems nearly all dendrimer 

molecules had assembled into capsule structures, since no free dendrimer monomers were 

detected by TEM imaging or DLS measurements. Since individual dendrimer molecules have a 

diameter of 3-5 nm,14 we estimated that each capsule to be hundreds-of-nanometers in size and to 

contain tens of thousands of dendrimer  molecule units. These dendrimer capsules are highly 

stable, and robust against shear and rupture stress, as well as the drying processes. 

FT-IR analysis on these dendrimer capsules showed a strong carbonyl stretching 

vibrational absorption band at ~ 1690 cm-1, Figure 3.2, which was revealed to compose two 

peaks from the second derivative analysis (inset). The peak at the shorter wavenumber of 1685 

cm-1 confirmed the formation of H-bonded carboxyl dimers, whereas the small peak at 1704 cm-1 

was attributed to the free, non H-bonded carboxyl groups.13,15,16 Hollow capsule formation, such 

as in viral capsid, generally proceeds by nucleation and growth pathway, where the protein 

subunits with complementary binding domains bind into oligomeric patches first followed by 

expansion and bending into a closed shell to minimize the surface energy.17 It appears for 

dendrimer macromolecules, despite the lack of directionality and specificity, they can 

nonetheless self-recognize each other and cooperatively self-assemble via H-bonds into stable 

capsules in less polar organic solvents. 
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Figure 3.2 FT-IR analysis on capsules assembled by carboxyl-terminated dendrimers in THF. 

 

Compared to less polar organic solvents, intermolecular H-bonding in competitive and 

disruptive solvents, such as water, would be much more difficult. To explore the possibility of 

using cooperative H-bonding to assemble dendrimers even in the highly challenging aqueous 

environment, we studied hydroxyl functionalized dendrimers, which will remain neutral for a 

wide range of pH and are capable of forming weak O−H---O hydrogen bonds. At first glance, it 

seems rather unlikely that weak O−H---O hydrogen bonds would be able to assemble molecules 

into stable structures in highly disruptive aqueous solutions. Indeed, Fréchet-OH dendrimers 

remained dispersed as monomers in water without further assembly. Surprisingly, Newkome-OH 

dendrimers spontaneously formed hollow capsules upon dissolution in water, Figure 3.3B. H-

bonding formation from the hydroxyl groups of the Newkome dendrimers was further confirmed 

by FT-IR analysis, Figure 3.3C. In the FT-IR analysis, in order to avoid any interference from 

water moisture in the air, Newkome-OH dendrimer capsules were prepared in D2O to exchange 

hydrogen with deuterium before drying. As temperature was increased from 25°C to 65°C, the 

IR absorption intensity significantly decreased in both of the O-D stretching vibrational region of 
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3000–3500 cm-1 and the O-D bending vibrational region of 1300–1500 cm-1. This observation 

was resulted from the weakening of hydrogen bonds with increasing temperature, which 

demonstrates the presence of O-D hydrogen bonding in these dendrimer capsules.  
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Figure 3.3 Spontaneous self-assembly of Newkome-OH dendrimers into hollow capsules in 

water. (A) Molecular structure. (B) Cross-section projection of the dendrimer capsules by TEM. 

Inset: Surface topology imaged by negatively-stained TEM, scale bar:100 nm. (C) FT-IR 

analysis on the dendrimer capsules. 

To gain further insight into the hydroxyl H-bonding in the Newkome dendrimer self-

assembly process, we used quantum mechanical (QM) simulation to study potential interactions 

between the trident(-CH2-OH) peripheral branches of the Newkome dendrimers in gas phase. 

QM optimization showed that instead of interacting as individually hydroxyl groups, the trident(-

CH2-OH) branches interact as flexible clusters to cooperatively generate a polyhedron H-bond 

network, Figure 3.4. Each oxygen atom participates in two H-bonding formation, i.e. one with a 
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neighboring hydroxyl hydrogen within the same branch and one with a hydroxyl hydrogen from 

another branch, giving rise to a deformed trigonal antiprism network with a total of twelve 

hydrogen bonds. Although individual O−H---O hydrogen bonds are weak, the cooperative 

formation of the multiple H-bond polyhedron network can significantly enhance the strength and 

stability of the H-bonding between dendrimers and thus enable their assembly. It is also possible 

that in aqueous solutions, the trident(-CH2-OH) peripheral branches interdigitate with each other 

to create a hydrophobic environment that can facilitate as well as further stabilize the hydroxyl 

H-bond network formation. The cooperative H-bonding between the peripheral hydroxyl groups, 

nonetheless, must be crucial to the dendrimer self-assembly in water. Otherwise, as in rigid 

Fréchet dendrimers with comparable -CH2-CH2-OH peripheral groups but lack the flexibility and 

sufficiently high cooperativity as in Newkome dendrimers, self-assembly would be unable to 

proceed as observed.  
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Figure 3.4 H-bonding network formation between tris(-CH2-OH) branches by Quantum 

mechanical simulations. 

The spontaneous self-assembly of dendrimer macromolecules into discrete hollow 

capsules by cooperative H-bonding allows for the encapsulation of guest materials into the 
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enclosed cavity. Moreover, since H-bonding is sensitive to temperature, such cooperatively H-

bonded dendrimer capsules are expected to be thermo-responsive in nature, Figure 3.5 A. We 

then used Dynamic Light Scattering to track the changes of the Newkome-OH dendrimer 

capsules in aqueous solution with the increasing temperature, Figure 3.5B. At the initial room 

temperature, the average particle diameter in solution was measured by DLS as ca. 180nm, 

consistent with the predominant presence of submicron capsule structures, as visualized by TEM 

in Figure 3.3B. However, as the temperature was increased to a critical value of 45 – 55°C, DLS 

measurements showed that the size of particles in solution quickly plunged to below 5nm. This 

observation indicates that the capsule structures of hundreds-of-nanometers in size had 

completely disassembled into nanometer sized individual dendrimer monomeric units. TH This 

temperature and heat triggered capsule disassembly further confirmed H-bonding as the major 

binding force for these dendrimer capsules. More importantly, such a narrow and facile 

temperature window can be exploited as a convenient controlled release mechanism for practical 

usages in drug delivery and sensor application. To further illustrate the temperature triggered 

release, the red-fluoresecent anti-cancer drug Doxorubicin was encapsulated as a model guest 

material. At room temperature, Dox was encapsulated inside the capsules’ cavity, as shown in 

Figure 3.5B inst. While, when temperature was increased above 50°C, capsules quickly 

disassembled into free dendrimers and Dox was released, shown as reddish background in Figure 

3.5B inset. The release kinetics of Dox at different temperatures was also studied. The Dox-

loaded capsules were trapped in a dialysis cassette and the internal solution was sampled at 

different time intervals for monitoring the 485nm absorption peak of Dox, Figure 3.5C. At 25°C,  
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Figure 3.5 Temperature triggered disassembly and release of the H-bonded Newkome-OH 

dendrimer capsules. (A) Schematic representation; (B) Measurements by Dynamic Light 

Scattering with increasing temperature. Inset: Encapsulation of red-fluorescent Doxorubincin in 

to the capsule cavity; Dox after release. (C) Release kinetics of encapsulated Dox at 25°C, 47°C 

and 60°C. Line is provide to help the visualization. 

 

the encapsulated Dox showed great stability and less than 20% Dox was released after 140min. 

As comparison, at 47°C, 17% encapsulated Dox was released after the first 20min and more than 

50% was released after 140min. When the temperature was further increased to 60°C, Dox was 

released even faster. About 30% was released during the first 20min and 70% after 140 min. The 

swift growth of the releasing speed is due to the temperature and heat triggered capsule 
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disassembly. These studies further demonstrate the disassembly and release of these H-bonding 

based capsules can be conveniently controlled by managing temperature. 

3.4 Conclusion 

In summary, we showed that despite lack of directionality and specificity, the high 

cooperativity imparted by dendrimer macromolecules enable their spontaneously self-assemble 

via H-bonds into stable hollow capsules in the common less polar organic solvents. More 

interestedly, we revealed the potential cooperative formation of multiple H-bond polyhedron 

network that can significantly enhance the strength and stability of H-bonding, which allows for 

dendrimer self-assembly into capsules even in highly competitive and disruptive aqueous 

solutions. Such cooperatively H-bonded dendrimer capsules are thermo-responsive in nature, and 

we found a narrow and facile temperature window can be used to trigger controlled diassembly 

and release. Our finding demonstrates the intriguing ability of using cooperative H-bonding in 

regulating molecular self-assembly process and property, and we expect this finding will lead to 

new strategies for designing functional supramolecular materials. 

3.5 Experimental information 

3.5.1 Materials 

G4-Fréchet-32COOH, G2-Newkome-36COOH: The detailed synthesis was described in 

Chapter 2. 1H NMR (D2O) G2-Newkome 36COOH: δ(ppm) = 1.72 (br, 72H, a, CH2CH2COO), 

1.94 (br, 72H, b, CH2COO), 2.33 (br, 8H, c, CH2CONH), 3.21(br, 8H, d, CH2CH2O) and 

3.47(br, 8H, e, OCH2), Figure 3.6. 
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Figure 3.6 NMR spectra of synthesized G2-Newkome-36COOH. 

 

G2-Newkome-36OH were then prepared by reacting the corresponding ester 

intermediates with tris(hydroxymethyl)aminomethane in DMSO, using K2CO3 as catalyst 18,19, 

Figure 3.7. 1H NMR (D2O) of the synthesized G2-Newkome-36OH: δ(ppm) = 1.77 (br, 24H, a, 

CH2CH2CONH), 2.01 (br, 24H, b, CH2CONH), 2.40 (br, 8H, c, CH2CH2O), 3.29 (br, 8H, d, 

CH2CH2O), 3.40 (s, 72H, e, CH2OH) and 3.58 (br, 8H, f, OCH2), Figure 3.8. 
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Figure 3.7 Reaction scheme for the preparation of G2-Newkome-36OH. 



62 

 

 

Figure 3.8 NMR spectra of synthesized G2-Newkome-36OH. 

 

G4-Fréchet-32OH were prepared by esterification of the corresponding G4-Fréchet-

COOH dendrimers with ethanediol, HOCH2CH2OH, using a mixture of MeSO3H and Al2O3.20 

1H NMR ([H6]-DMSO) of G4-Fréchet-32OH:  δ(ppm) = 3.88 (t, 64H, a, CH2OH), 4.44 (t, 64H, 

b, OCH2CH2OH), 4.78-5.21 (m, 124H, c, OCH2), 6.25-6.70 (m, 90H, d, ArH), 6.72-6.80 (m, 

4H, e, core ArH), 7.12-7.98 (m, total 132H, f, 128PhH and 4 core ArH)  

Dendrimer Capsule Preparation: Tetrahydrofuran (THF) (CHROMASOLV PLUS, for 

HPLC, ≥99.9%, inhibitor free) and Chloroform (CHROMASOLV PLUS, for HPLC, ≥99.9%, 

contains 0.5-1.0% ethanol as stabilizer) were purchased from Sigma-Aldrich and were used as 

received. Water was purified by PURELAB Plus® High Purity Water Polishing System 

(U.S.Filter), and then filtrated through syringe filters with 0.45μm sized pore (polypropylene 

filter media, Whatman®). Dendrimers were added into proper solvent following the 
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concentrations listed in Table 3.1., and then stirred for 2h followed by placing still for another 2h 

before further testing. 

 

Table  3.1. H-bonded dendrimer capsule solution preparation  

Dendrimer G4-Fréchet-32COOH G2-Newkome-36COOH G2-Newkome-36OH

Solvent THF Chloroform THF Chloroform H2O D2O 

Concentration 1mg/mL 1mg/mL 1mg/mL 1mg/mL 1mg/mL 1mg/mL

 

 

3.5.2 Methods 

Light and Fluorescent Microscopy Imaging: Capsules formed by dendrimers Fréchet-G4-

32COOH and Newkome-G2-36COOH in THF or Chloroform, were imaged by Olympus IX71 

inverted microscope with a 60X objective and a Cascade CCD camera. 3μL dendrimer capsule 

solution was pipetted onto a glass slide (3″×1″×1mm, Premium Microscope Slides, Fisher) and 

the coverslip(25×25×0.13~0.17mm, Premium Cover Glass, Fisher) was carefully placed on. The 

sample was then directly visualized under bright-field light microscope. The encapsulated and 

released Dox were imaged by using an Olympus IX71 inverted fluorescence microscope with a 

60X objective and a Cascade CCD camera. The Dox-encapsulated capsules were obtained by 

overlapping the light microscopy image of capsules and the fluorescence microscope image of 

the encapsulated Dox with Image-Pro® Plus version 6.2. The glass slides and coverslips were 

rinsed with ethanol and dried with N2 before using. 
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Cryo-Transmition Electron Microscopy (TEM) measurements: The capsules formed by 

G2-Newkome-36OH in aqueous solution were imaged by Cryo-TEM. The Cryo-TEM specimen 

was prepared by pipetting 3μL capsules solution onto a lacey carbon copper grid (ESI) for 30s, 

followed by removal excess liquid with a piece of filter paper, leaving a thin film of solution 

spanning the grid. The specimen was then quickly plunged into liquid nitrogen. The specimen 

was stored in liquid nitrogen, and then transferred to a cryogenic sample holder (Gatan 626) in a 

FET TECNAI 20G TEM operating at -177°C for imaging. 

Negatively-stained TEM measurements: Surface topologies of dendrimer capsules were 

imaged by negatively-stained TEM. 3μL dendrimer capsule solution was pipetted onto a carbon 

coated formvar copper grids. A piece of filter paper was then used to quickly remove the excess 

liquid, leaving a thin film of solution spanning the grid. The sample copper grids were then 

quickly dried under vacuum. For negative staining, a droplet of 2% uranyl acetate in ethanol was 

placed onto the dried specimen for 30 seconds and the excess liquid was removed by filter paper 

before imaging. TEM images were obtained on a FET TECNAI 20G TEM operating at an 

acceleration voltage of 200kV and at ambient temperature.  

FT-IR Spectroscopy measurements of dendrimers capsules were obtained on a Digilab 

(Cambridge, MA) FT-7000 Fourier Transform Infrared spectrometer, equipped with a MCT 

detector, ZnSe crystal sample stage and continuously purging with dry filtered air. 10μL of 

1mg/mL dendrimers capsules solution were pipetted onto the crystal and dried before testing. 

The FT-IR spectra of dis-assembled Newkome-OH dendrimers aqueous solution was taken at 

65°C by heating ZnSe crystal sample stage with a heating and cooling thermostat (Lauda 

Brinkmann). The dendrimers solution was incubated at 65°C for 1h before pipetted onto the 

65°C crystal sample stage, followed by drying with filtered air. Interferograms were collected at 
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4cm-1 resolution and apodized with a NB(Norton-Beer) Function. Second derivative spectra were 

obtained with the use of a 9 point Savitsky-Golay algorithm from the Digilab software. 

Dynamic Light Scattering (DLS) measurement: The hydrodynamic radius and the size 

distribution of the dendrimer capsules in solution were measured by ZETASIZER Nano-S90, 

Malvern, with a 633nm laser and scattering angle fixed at 90°. The cuvette was filled with 

dendrimer capsule solution and was equilibritated at set temperature for 10min before 

measurement. The dis-assembly of Newkome-OH dendrimer capsules in aqueous solution was 

record at 25°C, 35°C, 45°C, 47°C, 50°C, 55°C, 65°C, 75°C. 

Sample preparation for release kinetics: Dox loaded dendrimer capsule solution was 

prepared by first dissolving Dox in purified water as 100μg mL-1. G2-Newkome-36OH was 

added into a certain volume of Dox aqueous solution to reach the concentration as 1mg mL-1. 

The solution was then stirred for 4h at 25°C in dark, and dialyzed against purified water at 25°C 

in dark for 1h. To ensure a complete remove of the free Dox, the concentration of Dox was 

monitored by UV-Vis every 20mins until it was constant.   

UV-Vis spectrometry measurement for release kinetics was carried on a Cary 100 UV-Vis 

spectrophotometer. The 485nm absorption intensity of Dox was monitored as an indication of 

concentration. The absorption of 1mg/mL dendrimer aqueous solution was also measured, and 

subtracted as background. In order to obtain the release kinetics, 3mL Dox-loaded capsule 

solution was injected into a cassette (molecular weight cut-off 2000g mol-1, 3mL capacity, 

Thermo Scientific), and then dialyzed against 200mL purified water at 25°C, 47°C, or 55°C. 

150μL internal solution was taken from the dialysis cassette every 20min, and placed into a 

4X2mm quartz microcuvette. The solution was injected right back after UV-Vis testing. The 
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total solution volume was measured after the test, and no volume increase was observed, so the 

dilution did not contribute to the concentration decrease. 

Computational Simulation: A model of the HF/6-31++G(2d,2p) optimized structure of 

the end of G2-Newkome-36OH dendrimer was developed to determine the relative stability of a 

simple dendrimer-dendrimer interaction in solvent. Two monomeric tri-hydroxyl clusters were 

then combined together to develop the dimer-interaction model.  Both the monomer and dimer-

interaction models were subjected to single point energy calculations with HF/6-31++G(2d,2p) 

and the Gaussian 03 implicit water model21 to determine the solvation energy contribution. This 

part of work was done by Matthew Tessier and Dr. Robert Woods.  
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4.1 Abstract 

Previously, we exploited the unique features of dendrimers as highly-branched, 

nanometer sized molecular spheres and demonstrate their ability to maximize cooperative 

binding, which allows for spontaneous self-assembly into submicron capsules in solution via salt 

bridge or H-bonding. Here, we applied dendrimers as molecular nanospheres to spontaneously 

adsorb onto emulsion droplet surface.  The multiple periphery binding sites of dendrimers allows 

them to cooperatively bind into multiple-layered capsules. Such emulsion-templated dendrimer 

self-assembly advanced the capsule formation to a broad range of micron sizes, which enables 

versatile and efficient encapsulation of a wide variety of materials. These dendrimer capsules 

also have the advantages of ease in controlling disassembly and release of the encapsulant with 

external stimuli, such as the addition of EDTA or heat.  

4.2 Introduction 

Dendrimers are highly-branched, three-dimensionally spherical and nanometer-sized 

macromolecules, which have attracted broad interest due to their unique architecture and 

interesting properties.1-9 Previously, we exploited the unique features of dendrimers and 

demonstrated their ability to maximize cooperative binding, which allows for spontaneous self-

assembly into submicron capsules in solution via salt bridge or H-bonding.10,11 The spontaneous 

formation of hollow capsules provides a convenient method for the direct encapsulation of 

materials, however, passive enclosure is generally associated with significant material loss and 

their submicron sizes also limit the range of materials that can be encapsulated. In order to 

overcome these drawbacks in spontaneously formed dendrimer capsules, more active fabrication 

approach need to be explored. 
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Efficient encapsulation is important to many technologies, ranging from drug delivery, 

food processing, waste removal, to catalysis, artificial enzyme reactors and/or protein/cell 

transplantations.12-22 Among many different approaches, using emulsions as templates to direct 

capsule formation has the advantages of simplicity, effectiveness and versatility, and is a very 

active area of research.23-25 Since the target material will be directly emulsified and contained 

within the liquid emulsion droplets, minimal material loss is expected. Moreover, emulsification 

allows for the production of capsule sizes ranging from submicrons, microns to even millimetres, 

which makes encapsulation of a wide variety of materials possible. In the earlier studies on 

emulsions, the surface of emulsion droplets is typically modified with ionic surfactants to 

introduce charge, and oppositely charged polyelectrolytes or particles are then used to adsorb 

onto the emulsion surface via electrostatic interactions. Recently, a more general adsorption 

mechanism has been revealed.26,27 Due to the surface energy difference between the emulsion 

interface and the particle in two fluids, if particles fall in the nanometer to micrometer size range, 

their adsorption onto the emulsion surface is energetically favored and can proceed 

spontaneously without any surface pre-treatment.28-30 This general mechanism has significantly 

advanced the applicability of emulsions, and intensive effort has been made to exploit emulsions 

for nanoparticle or micron-sized colloidal particle assembly, where solid particles spontaneously 

adsorb onto the surface of emulsion droplets to form a close-packed layer and subsequently be 

interlocked together by sintering or other treatments into solid capsules.  

Despite the tremendous success with solid nanoparticles and colloidal particles, little 

thoughts have been given to applying this general emulsion adsorption mechanism to molecules. 

This is probably because most molecules are below nanometer in size and have large degree of 

freedom in molecular conformation and dynamics. At the molecular level, the concept of 
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molecule adsorbing onto the emulsion surface has been traditionally limited to surfactants, due to 

their amphiphilic nature. Here, based on the unique nanometer size and spherical architecture of 

dendrimers, we hypothesize that dendrimers as molecular nanospheres-just like solid 

nanoparticles-will also be able to spontaneously adsorb onto emulsion droplet surface.  We also 

expect that once adsorbed, the highly-branched periphery of dendrimers will allow them to 

spontaneously bind cooperatively into stable shells. If so, using emulsification as the template to 

assemble dendrimer molecules into capsules will enhance the encapsulation versatility and 

loading efficiency. Moreover, it will extend the emulsion-templated self-assembly approach into 

the molecular regime and bring forth molecular-leveled functions, controls and advantages into 

capsule fabrication. 

4.3 Results and Discussion 

4.3.1 Emulsion-templated dendrimer self-assembly 

To explore the general applicability of emulsification in templating dendrimer self-

assembly, dendrimers that differed significantly in composition, branching motif and rigidity 

were investigated, Figure 4.1. The Fréchet-type dendrimers are composed of rather rigid and 

highly hydrophobic benzyl ether interior, whereas the Newkome-type dendrimers have much 

more conformational freedom around the sp3-C branching points, and their amide rich interior is 

much more hydrophilic. Since the size of a dendrimer is determined by the number of layer of 

branches, different generations of dendrimers were also examined. The terminal of each 

dendrimer molecule was then functionalized with carboxyl (-COOH) or hydroxyl (-OH) groups 

to achieve different potential peripheral binding.    
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Figure 4.1. Molecular structure of Fréchet-type and Newkome-type dendrimers functionalized 

with either carboxyl or hydroxyl peripheral groups (-X). 

 

Upon the addition of dendrimer molecules into emulsion solutions that contain micron-

sized oil-in-water or water-in-oil droplets, dendrimer molecules, regardless of composition, 

spontaneously adsorb onto the surface of emulsion droplets and form stable capsules, Figure 4.2. 

Direct light microscopy imaging on these capsules in solution revealed the projection of their 

hollow micron-sized cavities and dense membranes, Figure 4.2A. The capsule membrane can 

also be labelled by fluorescent dyes and visualized by fluorescent microscopy, Figure 4.2B. The 

contour of these dendrimer capsules suggests that they are elastic and deformable. The surface 

topology of these micron-scaled dendrimer capsules was then visualized by scanning electron 

microscopy (SEM) after drying, Figure 4.2C. Due to the elastic nature, some deformed capsules 

could also be found, Figure 4.2D.  The fact that these capsules remained enclosed and intact 

without breakage after drying indicates that they are highly robust and can provide sufficient 

mechanical strength as protective coatings. 
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Figure 4.2 Imaging of emulsion-templated dendrimer capsules by light microscopy (A); 

Fluorescent microscopy (B); and scanning electron microscopy (C & D). 

 

The mechanism that underlines the formation of emulsion-templated dendrimer capsule 

formation is schematically illustrated in Figure 4.3. In the first step, dendrimers as molecular 

nanospheres spontaneously adsorb onto the surface of emulsion droplets, Figure 4.3A, B. For 

particles with sizes in the nanometer to micrometer range, the surface energy between the two 

immiscible fluids, σi,e, generally exceeds the difference of the surface energies between the 

particle and the fluid, σp,i, and between the particle and the external fluid, σp,e, i.e. σi,e > | σp,i - 

σp,e |. This principle has been widely applied to solid nanoparticles and micron-sized colloidal 

particles. Our studies demonstrated that this surface energy driven adsorption principle also 
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applies to nanometer-sized, spherical-shaped molecules, such as dendrimers, and is independent 

of dendrimer compositions and terminal functionalities.  

  

 

Figure 4.3. Schematic illustration of the emulstion-templated self-assembly process of 

dendrimers into capsules.  

 

After the emulsion droplet surface is completely covered by dendrimer nanospheres, a 

layer of close-packed dendrimer shell is formed and the dendrimer molecules are brought to 

close proximity which enables direct binding with each other at the periphery, Figure 4.3C. 

Unlike solid nanoparticle or colloidal particles, which require sintering or other treatment, the 

cooperative binding between close-packed dendrimer molecules will spontaneously interlock 

them into a shell. The large numbers of terminal binding sites of dendrimer molecules will also 

enable multiple intermolecular bonding, which further enhance the stability and robustness of the 
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shell. The binding mechanism between dendrimers can be quite versatile, depending on the 

terminal functional groups that are already encoded in the dendrimer molecular design. For 

example, carboxyl terminal groups will give rise to stable intermolecular dimeric-carboxyl 

hydrogen bonding in less polar oil phase, whereas in aqueous solutions, the dissociated 

carboxylate terminal anions allow for intermolecular COO−-M2+-COO− ionic salt-bridging with 

the addition of divalent M2+ counterion. The hydroxyl terminal groups, on the other hand, remain 

neutral in both oil and aqueous solutions and are able to form intermolecular O−H---O hydrogen 

bonds. However, individual O−H---O hydrogen bonds are rather weak, and our previous studies 

show that in order to generate sufficiently strong and stable intermolecular binding force, the 

dendrimers needed to be flexible enough to cooperatively form multiple H-bonding polyhedron 

networks. Rigid dendrimers, such as Fréchet-type dendrimers, lack this capability and are not 

able to bind strongly with hydroxyl terminal groups. In this study, we also found that with 

hydroxyl terminal groups, although both Newkome and Fréchet-OH dendrimers can readily 

adsorb onto the emulsion surface, stably bound shells were only found with flexible Newkome-

OH dendrimers.  

One notable difference between dendrimer molecules and solid particles in the emulsion-

templated self-assembly process is their ability to form multiple layers. Once the initial close-

packed dendrimer shell is formed at the emulsion surface, the highly-branched feature of 

dendrimer molecules allow them to continue to bind into the next layer, Figure 4.3D. The total 

number of dendrimer shell layers determines the membrane thickness of the capsule formed, and 

is influenced by many factors. With ionic dendrimers in bulk aqueous media, the capsule 

membrane thickness increases with the amount of divalent cation added, which is responsible for 

the inter-dendrimer salt-bridge formation, before reaching a maximum value. With dendrimer 
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capsules driven by spontaneous H-bonding, the membrane thickness is mostly affected by the 

amount of dendrimers added to a certain volume of emulsion solutions. The maximum capsule 

thickness of different dendrimer molecules appears to be innately determined by the curvature of 

the emulsion droplets and the size of the dendrimer molecule. Dendrimers in fewer generation 

and smaller in size tends to generate thicker capsules compared to their larger counterparts, 

presumably due to easier packing of smaller particles around the same curvature. The typical 

maximum capsule thickness for the dendrimers used in this study ranges from 200nm to 500nm, 

depending on the binding motifs and the dendrimer generation, which suggests more than a 

hundred layers of close-packed dendrimer spheres, can be achieved at the surface of the 

emulsion droplets. The ability of dendrimers to form multiple layers of close-packed shells can 

not only be used to enhance the mechanical strength of the capsules, but also provide a 

convenient method used to adjust the permeability of these dendrimer capsules. 

After the final formation of dendrimer capsules at the emulsion droplet surface, these 

highly-robust capsules can be collected using a centrifuge and then re-suspended in a different 

media, e.g. the same media as the internal phase, Figure 4.3E. This eliminates the phase 

difference between the interior and exterior of these dendrimer capsules, or when a more bio- or 

environmental compatible media is required.  

4.3.2 Versatile encapsulation by emulsion-templated dendrimer self-assembly 

The emulsion-templated self-assembly of dendrimers expands the potential capsule size 

to a broad range beyond nanometers, which will allow for versatile encapsulation of a wide 

variety of different materials. This method also provides an active and convenient approach that 

leads to highly efficient encapsulation of target materials. In this method, target material pre-

dissolved in a select solvent will be emulsified with an immiscible fluid and is expected to be 
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confined within the emulsion droplet throughout the process. Minimal material loss can thus be 

achieved. Moreover, the versatility in dendrimer molecular design in the aspects of terminal 

groups, branching motif and generation further allows for control of the interlocking mechanism 

and flexible adjustment of the   capsule properties, such as permeability.  

In Figure 4.4, we demonstrated the encapsulation of small drugs, bio-macromolecular 

proteins and living cells, respectively, by using emulsification and different dendrimers. A dual 

drug loading by emulsion-templated dendrimer capsules is shown in Figure 4.4A, using two anti-

cancer drugs – Doxorubicin, which is automatically red fluorescent, and green-fluorescently 

labelled Taxol. Efficient drug loading is the critical first step for drug delivery, and lots of effort 

has been made to achieve this goal. The common approach of passive enclosure of drugs 

followed by removing the excess free drugs, however, is intrinsically associated with significant 

material loss. Many active methods developed to enhance loading also have their limitations. For 

example, a pH gradient across the membrane is commonly used to help the anti-cancer drug 

Doxorubicin permeate through membranes and load into the lumen of liposomes and 

polymersomes. However, due to its crystalline nature, the passage of Doxorubicin through 

membranes is difficult and leads to low loading efficiency. Here, water-soluble Dox was directly 

dissolved in a small amount of aqueous solution before emulsification in oil and will be confined 

within the water droplets throughout the process. Fréchet-COOH dendrimers were subsequently 

added to form capsules enclosing the Dox containing water droplets. To remove the oil phase, 

the Dox loaded dendrimer capsules were spin down by centrifuge and re-suspended in 

biocompatible aqueous solution that contains Ca2+ to interlock dendrimers. Since most drugs are 

small molecules, e.g. Dox has MW ~ 500, Fréchet-type dendrimers that are tightened in 

conformation and highly hydrophobic in nature are more suitable for drug encapsulation 



78 

B

5µm

C

50µm1µm

A 5µm
B

5µm

C

50µm1µm

A 5µm

 

Figure 4.4 Encapsulation of target materials by emulsification. (A) Dual drug loading. Red 

fluorescent: Doxorubicin; Green fluorescent: Taxol. Inset: Extrusion of micron-sized dendrimer 

capsules into 100nm size.    (B) Encapsulation of green-fluorescently labelled streptavidin. (C) 

Encapsulating of living human embryonic kidney cells marked by green-fluorescent Calcein. 

 

purpose, which can effectively prevent the undesirable leakage of the loaded small drug 

molecules. The molecular feature of Fréchet dendrimers that constitute the capsule membrane 

can be further exploited to achieve multi-functionality. For example, each Fréchet- dendrimer of 

the capsule membrane can function as an unimolecular micelle to load with a hydrophobic drug 

inside its hydrophobic core. Thus, in addition to encapsulation of a water-soluble drug inside the 

cavity, the capsule membrane can load another hydrophobic drug to achieve dual drug loading, 

as shown in Figure 4.4A. Moreover, these elastic, micron-sized, dual-drug loaded 

dendrimersomes can be further extruded into much smaller sizes without leakage. This ability 

allows us to flexibly control the final size of these dendrimer capsules and make mono-dispersed 

nanoscale capsules, if required. For drug delivery applications, nanometer sized particles would 

be more advantageous since smaller particle size can prolong circulation and enhance cell 

internalization. In the inset of Figure 4.4A, we show the extrusion of initial tens-of-microns sized 

dual-drug loaded dendrimer capsules in size into ca. 100nm sized capsules. 
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Other than encapsulating small molecules, using dendrimers for emulsification also 

provides a convenient and efficient method for encapsulating proteins and enzymes, which is 

important for many biotechnological applications, such as in bioreactors, sensors and protein 

implantations. Here, by using green-fluorescently labelled streptavidin as a model protein, we 

have demonstrated the encapsulation of biomacromolecules by using dendrimers and 

emulsification, Figure 4.4B. Following similar procedures, streptavidin was dissolved in a small 

amount of aqueous solution and emulsified into droplets in oil, and Newkome-OH dendrimers 

were then added to the emulsion solution, which spontaneously adsorbed onto the streptavidin-

containing water droplets and interlock into stable capsules via H-bonding. The dendrimer 

capsules with streptavidin enclosed inside were then collected by centrifuge and re-dispersed in 

biocompatible aqueous media.  

Beyond molecular targets, this approach is also applicable to encapsulating much larger 

objects, such as living cells, which are typically around 10μm in size. With the rapid 

development of cell and tissue engineering, there is an increasing need in encapsulating living 

cells in recent years. However, due to their large size, as well as conditions required to support 

living cells, nano-sized capsules as well as many traditional encapsulation techniques, such as 

coating, are not suitable for encapsulating living cells. Here, we successfully encapsulated living 

human embryonic kidney cells as an example, using emulsification and Newkome-OH 

dendrimers, Figure 4.4C. The cells were stained with Calcein, i.e. a viability marker to allow 

only viable cells emit green fluorescence, and the viability of these cells encapsulated in the 

Newkome-OH dendrimer capsules was observed to maintain beyond twelve hours. Other than 

protecting the cells from the surrounding environment, the tightly bound dendrimer capsule 
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membranes are also likely to provide a robust and biocompatible scaffold that supports the living 

cells and enhances their viability.  

In these encapsulation studies, different dendrimers were selected for different purposes. 

By changing the terminal groups of dendrimers, different peripheral binding and interlocking 

mechanism via either salt-bridge or hydrogen-bonding can be allowed. Different interior of 

dendrimers, on the other hand, will have a strong impact on the permeability of the formed 

capsules. Unlike colloidosomes, where the permeability is defined by interstice holes between 

micron-sized colloidal particles, here dendrimers are molecular spheres of several nanometers in 

size and their tight binding and close-packing is unlikely to generate substantial interstice holes. 

However, the permeability of the dendrimer capsules can be conveniently adjusted by many 

other factors, such as the thickness of the capsule membrane as well as the molecular feature of 

dendrimer units. Since Fréchet-type dendrimers have tightened highly hydrophobic interior, the 

capsules that they generate are expected to have low permeability. Newkome-type dendrimers 

with a large hydrophilic interior, on the other hand, will enhance the permeability of the capsules 

and allows the passage of water, gas and/or small molecules. Depending on the desired usage of 

capsules, the right choice of dendrimers can be selected. For example, in the encapsulation of 

small molecule drugs, Fréchet-type dendrimers would efficiently prevent leakage of the 

encapsulated drugs, which is important for drug delivery applications. In contrast, for the 

encapsulation of larger materials, such as biomacromolecules and living cells, the leakage is a 

much less concern. Instead, it is more useful for the capsules to allow passage of water, gases 

and nutrients in many biotechnological applications, and the Newkome-type dendrimers would 

be more suitable for such applications.  
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Other than providing versatile peripheral binding motifs and flexible adjustment of the 

permeability of the capsules, using dendrimers as the building blocks also offers opportunities 

for incorporating molecular functions into the capsule membrane. In the drug encapsulation 

study, we took advantage of Fréchet-type dendrimers as unimolecular micelles to load a second 

drug into the dendrimer membrane.  

4.3.3 Controlled disassembly and release mechanism of the emulsion-templated capsules 

 

 

Figure 4.5 Schematic illustration of the controlled disassembly of the dendrimer capsules into 

dendrimer units and release of the contents. 

 

In addition to versatile and efficient encapsulation, these micron scaled emulsion-

templated dendrimer capsules also have the advantage of ease in controlling disassembly and 

release, just like the previously reported submicron denderimer capsules formed by spontaneous 

self-assembly. Although the fabrication process here starts with using emulsion droplets as 

template to assemble dendrimer molecules at the interface, the subsequent interlocking between 

dendrimer units into stable capsules is nonetheless based on cooperative peripheral binding 

forces, either via salt-bridge ionic interactions or hydrogen-bonding. Previously, we showed that 

with spontaneously self-assembled dendrimer capsules via COO−-M2+-COO− salt-bridges, 
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removal of the M2+ sources would break down the capsules. The spontaneously self-assembled 

dendrimer capsules via hydrogen-bonding, on the other hand, are thermo-responsive in nature 

and would disassemble with increasing temperatures as hydrogen-bonding breaks down. In this 

study, we found similar strategies also apply to these micron-scaled, emulsion-templated 

dendrimer capsules, Figure 4.5. 

In Figure 4.6A, we demonstrated the disassembly of salt-bridge bound, emulsion-templated 

dendrimer capsules with the addition of EDTA, i.e. an efficient Ca2+ chelator that can withdraw 

Ca2+ from the capsules. The tens-of-microns sized capsules made of Fréchet-COOH dendrimers 

were labelled with green fluorescent dyes, and their changes with the addition of EDTA were 

directly monitored in solution by Fluorescent Microscopy. Pores around the capsule membrane 

were observed to develop in tens of seconds. Eventually, the capsule membrane completely 

broke down into dispersing nanometer-sized dots, i.e. dendrimer units. In Figure 4.6B, we used 

Dynamic Light Scattering (DLS) to track the changes of hydrogen-bonded emulsion-templated 

dendrimer capsules with the increasing temperature. At the initial room temperature, the average 

particle radius in solution was measured by DLS as ca. 900nm, consistent with the predominant 

presence of submicron capsule structures, as visualized by TEM. However, as the temperature 

was increased to a critical value of 50 – 65°C, DLS measurements showed that the size of 

particles in solution quickly plunged to below 5nm, Figure 4.6B. This observation indicates that 

the capsule structures of micronmeter in size had completely disassembled into nanometer sized 

individual dendrimer molecular units. This temperature and heat triggered capsule disassembly 

further confirmed H-bonding as the major binding force for these dendrimer capsules. More 

importantly, such a narrow and facile temperature window can be exploited as a convenient 

controlled release mechanism for practical usages in drug delivery and sensor application. 
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Figure 4.6 Imaging of disassembly of emulsion-templated dendrimer capsules. (A) salt-bridge 

bound emulsion-templated dendrimer capsules with the addition of EDTA; (B) Temperature 

triggered disassembly of hydrogen-bonded emulsion-templated dendrimer capsules. 

 

4.4 Conclusion 

In summary, we demonstrate that dendrimers as molecular nanospheres are able to 

spontaneously adsorb onto the emulsion droplet surface, just like solid nanoparticles. The highly-

branched periphery of dendrimers allows them to cooperatively bind into multiple-layers of 

close-packed shells, which are stable and robust. The emulsion-templated dendrimer self-

assembly expands the capsule to a broad range of micron sizes, which allows for versatile and 
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efficient encapsulation of a wide variety of materials. The micron-scaled emulsion-templated 

dendrimer capsules also have the advantages of ease in controlling disassembly and release of 

the encapsulant with external stimuli, such as the addition of EDTA or heat.  

4.5 Experimental information 

4.5.1 Materials 

G4-Fréchet-32COOH, G2-Newkome-36COOH, G4-Fréchet-32OH, G2-Newkome-36OH 

were synthesized as described in Chapter 2 and 3.    

Emulsion-templated dendrimer capsules formations were performed by using either 

water in oil (W/O) or oil in water (O/W) emulsions. To use the W/O emulsion as template, 10mg 

dendrimer, G4-Fréchet-32COOH or G2-Newkome-36COOH, was suspended in 200µL mineral 

oil.  100µL water was added, followed by shaking or vortexing for 5min. W/O emulsion droplets 

were densely covered by dendrimers to form dendrimers capsules. Then 100 µL CaCl2 (pH=7.2), 

was carefully added to the bottom of the vial by a micropipette. The capsules (1-100µm) were 

moved from oil phase to aqueous phase by centrifuge at 600rmp for 30s. The capsules were 

collected by carefully taking the aqueous phase. W/O emulsion was also applied to template the 

self-assembly of G2-Newkome-36OH by vortexing 100µL water and 200µL mineral oil to form 

emulsion, and dendrimer was added while vortexing until droplets were densely covered. The 

capsules (1-100µm) were collected by centrifuge. To use the O/W emulsion as template, 100µL 

octanol was added into 200µL water, followed by shaking or vortexing. 10mg dendrimer was 

added into the emulsion solution while vortexing until droplets (1-100µm) were densely covered. 

The capsules (1-100µm) were collected by centrifuge.  

Dual-drug Encapsulation: Doxorubicin hydrochloride (Dox) and Paclitaxel, Oregon 

Green® 488 conjugate were purchased from Sigma-Aldrich and Invitrogen, respectively. Dox 
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was encapsulated by adding 100µL Dox aqueous solution (1mg/mL) into the dendrimers oil 

suspension, followed by vortexing for 5min until the Dox droplets were densely covered by 

dendrimers. In order to lock the dendrimers together, 100 µL CaCl2 (pH=7.2) was carefully 

added to the bottom and centrifuged at 600rmp for 30s to move capsules from oil phase to 

aqueous phase. 50µL aqueous phase was then taken. 5µL Paclitaxel (10-6 M, ethanol) was added 

into the aqueous capsules solution to stain dendrimers hydrophobic core. The capsules with dual-

drug loaded were then observed under FM, with encapsulated Dox as red and Paclitaxel as green 

in membrane. Nanometer-sized dual-drug loaded capsules were obtained by extrusion. 2mL 

aqueous capsule solution was loaded in Extruder (LIPEX TM) with double-layered filtration 

membrane (PC, 25mm, 0.1µM, Whatman). Nitrogen gas flow with 800psi was applied. Multiple 

filtrations may be performed to reach monodisperse.  

Encapsulation of protein/enzyme: Alexa Fluor® 488 FluoroNanogold-Streptavidin were 

purchased from Nanoprobes, and used as received. 100µL Streptavidin aqueous solution 

(2µg/mL) was mixed with 200µL mineral oil, followed by vortexing. 10mg G2-Newkome-36OH 

dendrimer was added while vortexing.  

Encapsulation of cell: 2mL 293H cells in media solution was obtained by centrifuge at 

1800rmp for 1min to remove the media, followed by washing for three times with PBS to fully 

remove the media. The live cells were stained by incubating with 1µL Calcein for 20min. To 

encapsulate live cells in dendrimer capsules, 100µL cell/PBS solution was mixed 200µL mineral 

oil. Then 10mg G2-Newkome-36OH dendrimer was added with gentle shaking.  

4.5.2 Methods 

Fluorescent and Light Microscopy Imaging: Dendrimer capsules were directly visualized 

under bright-field without dye labeling, using the Olympus IX71 inverted microscope. 
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Dendrimer capsules were also imaged on the Olympus IX71 inverted fluorescence microscope 

with a 60X objective and a Cascade CCD camera. A hydrophobic fluorophore dye (PKH 26) was 

used to label dendrimers in aqueous solution. The dual-drug loaded capsules were imaged by 

fluorescence microscope with encapsulated Dox as red and Paclitaxel as green in membrane. In 

both methods, 3μL dendrimer capsule solution was pipetted onto a glass slide (3″×1″×1mm, 

Premium Microscope Slides, Fisher) and the coverslip(25×25×0.13~0.17mm, Premium Cover 

Glass, Fisher) was carefully placed on. The glass slides and coverslips were rinsed with ethanol 

and dried with N2 before using.   

Scanning Electron Microscopy (SEM) measurement was obtained on a FEI Inspect F 

FEG-SEM at an accelerating voltage of 5kV. The surface of silicon wafer substrate was 

methylated following the previous publication. A drop of dendrimer capsule solution was 

suspended on to the substrate. The sample was dried in a desicator, and then sputtered with gold 

before imaging.  

Dynamic Light Scattering (DLS) measurement was carried to measure the hydrodynamic 

diameter and size distribution of the capsules in solution by using ZETASIZER Nano-S90, 

Malvern, with a 633nm laser and scattering angle fixed at 90°. The cuvette was filled with 

dendrimer capsule solution and was equilibritated at set temperature for 10min before 

measurement. The dis-assembly of Newkome-OH dendrimer capsules in aqueous solution was 

record at 25°C, 35°C, 45°C, 47°C, 50°C, 55°C, 65°C, 75°C. 
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CHAPTER 5 

CONCURRENT Π-Π STACKING IN COOPERATIVE DENDRIMER CAPSULE 

FORMATION 

5.1 Introduction 

Previously, we revealed the unique architectural features of dendrimers as highly-

branched nanometer-sized spheres, and demonstrated their ability on maximizing cooperativity 

towards constructing supramolecular dendrimers capsules.1,2 These capsules have the advantage 

of ease in controlling disassembly, which can be utilized to carry and release guest materials in a 

controllable fashion. In addition, the emulsion templated capsule formation provides more 

encapsulation versatilities. However, in order to further advance the functionality of these 

supramolecular dendrimer capsules, more sophisticated self-assembly mechanisms are yet to be 

exploited. In this chapter, we explored the feasibility of combining π-π stacking at dendrimers’ 

core with the periphery cooperative bindings to construct functional dendrimer capsules. This 

work will provide the mechanistic foundation for further incorporating functional groups into 

dendrimers core to generate dendrimer capsules with built-in pores/channels, which can 

spontaneously and selectively encapsulate or release certain materials.  

Π-π interactions, and combined with other non-covalent interactions, such as 

hydrophobic interactions, hydrogen bonding, electrostatic interactions, and metal ion 

coordination, have been widely utilized to construct functional supramolecular architectures.3-9 

Among numerous π-conjugated systems, the simplest arene-benzene has attracted increasing 

interest as an elementary building block to stack into molecular wires or 1-D nanostructures.10-19 
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Typically, the interactions between arenes are fairly weak due to the electrostatic repulsion 

between the electron rich π-surfaces. To increase the affinity between molecules within the 1-D 

stacking, the most commonly seen approach is to design arenes, especially benzene rings, with 

amide substituents. The hydrogen bondings between amides will enforce the co-facial π-π 

stacking between arenes. In this chapter, the benzene ring was utilized as the dendrimer core, and 

the benzene ring is hexasubstituted with amide to ensure the π-π stacking.  The 1→3 C-

branching COO- dendritic motif was attached to the crowned benzene to provide periphery salt-

bridging. Such dendrimers can cooperatively self-assemble into capsules, while the dendrimers 

stack vertically in membrane, Figure 5.1.   

 

 

Cooperative Binding 

Side Cross-section view 

Figure 5.1. Schematic illustration of the concurrent π-π stacking combined with periphery 

cooperative binding of dendrimers into supramolecular capsules.            

 

5.2 Results and Discussion 

To investigate the potential applicability of combining π-π stacking with periphery 

cooperative bindings in the construction of functional supramolecular self-assemblies, two types 

of dendrimers, which has exactly the same 1→3 C-branching COO- dendritic motif as periphery 

but completely different cores – i.e. the un-stackable carbon and stackable crowned benzene ring, 
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were synthesized and their self-assemble behaviors were studied, Figure 5.2. Upon dissolution in 

water at neutral pH, both dendrimers dispersed as individual molecules, and the periphery 

carboxyl groups completely dissociated into negatively charged carboxylates. With the addition 

of Ca2+, both types of dendrimers can self-assemble into capsules via cooperative salt bridging. 

TEM imaging of G1-carbon tetraacid-12COO- dendrimers with the addition of Ca2+ revealed 

hallow capsules with 20~30nm diameter and 3~4nm thickness, Figure 5.2A. In contrast, G1-

benzene hexaacid-18COO- dendrimers self-assemble into larger capsules with a much thicker 

and denser membrane. TEM imaging showed they form capsules with 420nm diameter and 

140nm thickness, Figure 5.2B. The larger generation benzene-cored dendrimer - G2-benzene 

hexaacid-54COO- also showed to self-assemble into capsules via Ca2+ bridging. However, 

instead of large size and thick membrane as assembled by the same type but lower generation 

dendrimer, the capsules are only 30~40 nm in diameter and 4~5nm in thickness, Figure 5.3C.  

G1-carbon tetraacid-12COO- and G1-benzene hexaacid-18COO- are both first generation 

dendrimers, which results in similar molecular size ~2.5 nm1, and comparable periphery groups. 

However, because of the difference in their core structure, the self-assembled capsules differ 

significantly in size, membrane thickness and denseness. Based on the membrane volumes, 

capsules assembled by G1-carbon tetraacid-12COO- were estimated to have 1~2 layers 

dendrimers packing in the membrane. While, the capsules assembled by G1-benzene hexaacid-

18COO- are packed with more than 50 layers dendrimers, and these dendrimers were densely 

packed within membrane, shown as the dark membrane in TEM. This distinctive difference 

indicates that the stackable benzene ring core can enhance the vertical packing of dendrimers 

within membranes.  Compared to G1-carbon tetraacid-12COO-, the capsules self-assembled by 

G1-benzene hexaacid-18COO-, have much larger cavity and overall diameter. In Chapter 2, we  
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Figure 5.2 Ca2+ induced self-assembly of carbon tetraacid and benzene hexaacid type COO- 

dendrimers into supramolecular capsules in water.  (A) G1-carbon tetraacid-12COO- dendrimers; 

(B) G1-benzene hexaacid-18COO- dendrimers; (C) G2-benzene hecxaacid-54COO- dendrimers. 

I. Molecular structure; II. TEM imaging of capsules. Inset, illustration of the capsule thickness 

by intensity mapping.  



94 

discussed that rigid dendrimers tend to form larger capsules than flexible dendrimers. The 

stacking could significantly reduce the flexibility of each individual dendrimers, which lead to 

larger membrane curvatures. The size and thickness of the benzene hexaacid-COO- type 

dendrimer capsules are also depended on the generation of the dendrimers. Previously, we 

revealed that larger generation dendrimer tend to form larger capsules with thicker membrane.1 

However, capsules assembled by G2-benzene hexaacid-54COO- were more similar towards G1-

carbon tetraacid-12COO- rather than G1-benzene hexaacid-18COO-, which shows the stacking 

of benzene ring core is generation depended. The high generation surrounding dendritic groups 

prevents dendrimers from arranging themselves within van der Waals radii for the π-π 

interactions to happen, which prohibit the stacking in dendrimers’ core. 

The π-π stacking within dendrimer capsules was revealed by UV-Vis absorbtion and 

Photoluminescene (PL). Figure 5.3 showed the UV-Vis spectras of the monomer and capsules 

for the benzene hexaaid-COO- type dendrimers. Upon the addition of Ca2+, the absorption of G1-

benzene hexaacid-18COO- capsules was red shifted relative to the monomer, which indicated the 

π-π stacking of benzene-rings within capsule membrane.17 The G2 dendrimer capsules showed 

no such red shift, indicating again the absence of π-π stacking. 

The normalized PL spectras on monomers and capsules of the benzene hexaacid-COO- 

type dendrimers were shown in Figure 5.4. For G1-benzene hexaacid-18COO- dendrimer, both 

monomer and capsules solutions were excitated at 300nm. Before the addition of Ca2+, the 

monomers showed emission at 405nm. Upon the addition of Ca2+, the formation of capsules 

caused a red shifting of ca. 20nm, Figure 5.4A I. While, for G2-benzene hexaacid-54COO- 

dendrimer, both monomer and capsules solutions showed the same emission, Figure 5.4B I. In 

PL, the excited state of monomers is only localized on a single molecule. When the conjugated 
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systems co-facially stack together via π-π interactions, the energy of the excitated state is 

lowered by localizing among multiple molecules, which causes red-shifted emissions.11,17,19 The 

red-shifted emission on the capsules assembled by the first generation benzene hexaacid-COO- 

type dendrimers indicated that within the capsule membrane, the π-π interactions between the 

benzene rings co-facially stack dendrimers together. While, for G2-benzene hexaacid-54COO- 

dendrimers, there is no such π-π stacking. The co-facial π-π stacking within the capsule 

membrane was further confirmed by collecting PL spectras as the excitation wavelengths 

increase. For G1-benzene hexaacid-18COO- dendrimer capsules, the emissions were red-shifted 

as the excitations were moved to a longer wavelength, which indicated that the stacked 

chromophores were restricted in a condensed media – capsules membrane. For the second 

generation dendrimer capsules, no shift was observed, which was consistent with the thin 

membrane observed.  
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Figure 5.3 UV-Vis measurements of the benzene hexaacid-COO- type dendrimer monomers and 

Ca2+ induced capsules. (A) G1-benzene hexaacid-18COO-; (B) G2-benzene hexaacid-54COO-.  
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Figure 5.4 Normalized PL spectra analysis of benzene hexaacid-COO- type dendrimer 

monomers and capsules. (A) G1-benzene hexaacid-18COO-; (B) G2-benzene hexaacid-54COO-. 

I. The emission of dendrimer monomers and Ca2+ induced capsules, excitation 300nm; II. The 

emission of capsules collected at different excitation wavelength.  

 

To understand this new self-assembly strategy in more detail, FT-IR was employed to 

study the role of hydrogen bonding in this π-π stacking combined cooperative dendrimer capsule 

formation. In the case of G1-benzene hexaacid-18COO-, the N-H stretching for dendrimer 

monomer showed at 3475 cm-1, which is typical for non-hydrogen bonded amide. Upon the 

addition of Ca2+, the N-H stretching for dendrimer capsules was present at 3189 cm-1, and the IR      
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Figure 5.5 FT-IR analysis on benzene hexaacid-COO- type dendrimer monomers and Ca2+ 

induced capsules. (A) G1-benzene hexaacid-18COO-; (B) G2-benzene hexaacid-54COO-. I. N-H 

stretching region; II. C=O stretching region. 

 

absorption intensity significantly increased, indicating the existence of hydrogen bonds, Figure 

5.5A I.14,16,19 Similarly, as the formation of capsules, the C=O stretching for dendrimer shifted 

from 1665 cm-1 to 1649 cm-1, associated with the increasing of intensity, showing again the 

present of hydrogen bondings in capsules formation, Figure 5.5A II.14,16,19 As comparison, the 
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FTIR spectra of G2 dendrimer monomer and capsules showed the absence of hydrogen bondings, 

Figure 5.5B I II. Generally, for π-π interactions to happen, the distance between two conjugated 

systems have to be less than 2 Ǻ. Therefore, for dendrimers’ core to co-facially stack together, 

the system have to not only overcome the electrostatic repulsion between the electron rich π-

surfaces of benzene rings,10 but also arrange the crowded dendritic periphery groups cleverly to 

get the benzene ring cores close enough for π-π stacking to happen. For G1-benzene hexaacid-

18COO-dendrimer, the six amide substituents on the benzene ring core G1 form intermolecular 

hydrogen bondings. These hydrogen bondings helped bring and arrange the dendrimers’ core 

close enough to enforce the co-facial stacking of benzene rings. Further more, such hydrogen 

bonding enforced π-π stacking is shown to stack arenes helically when the arenes are substituted 

at their 1,3,5-position with amides.20,21 However, CD analysis on the G1-benzene hexaacid-

18COO- capsules solution revealed no detectable signals, indicating dendrimers were arranged in 

a pallet stacking fashion rather than helical fashion. Such preferred packing is most likely due to 

the fact that the benzene ring in G1-benzene hexaacid-18COO- dendrimer ring is fully 

substituented. The crowded periphery dendritic periphery groups make the pallet stacking 

energetically preferred than helical stacking. 

To better understand the π-π stacking combined cooperative Ca2+/COO− binding that 

underlies the capsule formation, ITC was used to study the energetics of the binding process. 

Ca2+ titrations were performed with G1-benzene hexaacid-18COO- dendrimer and G1-carbon 

tetraacid-12COO- dendrimer as comparison, and the isothermals were plotted in Figure 5.6. Both 

isothermals have the same doublephasic pattern and were best fitted with the two independent 

binding site model. In case of G1-benzene hexaacid-18COO-, the parameters were K1 = 3.0×103 

M-1, ΔH1 = 5.97 kcal/mol, TΔS1 = 10.7 kcal/mol, ΔG1 = -4.8 kcal/mol; and K2 = 3.5 × 104 M-1,  
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Figure 5.6 ITC analysis on Ca2+ binding to G1 carbon tetraacid and benzene hexaacid type 

COO- dendrimers. (A) G1-benzene hexaacid-18COO- and (B) G1-carbon tetraacid-12COO- 

dendrimers. Upper panels show the calorimetric titrations; Lower panels display the integrated 

heat values as a function of molar ratio. The solid line represents the curve fitting to a two 

independent binding site model.  

 

ΔH2 = -13 kcal/mol, TΔS2 = - 6.56 kcal/mol, ΔG = -6.4 kcal/mol. On the other hand, for G1-

carbon tetraacid-12COO-, the parameters were K1 = 1.2×103 M-1, ΔH1 = 6.27 kcal/mol, TΔS1 = 

10.7 kcal/mol, ΔG1 = -4.8 kcal/mol; and K2 = 3.5 × 104 M-1, ΔH2 = -13 kcal/mol, TΔS2 = - 6.56 

kcal/mol, ΔG = -6.4 kcal/mol. In both systems, the first process is endothermic and entropically 

driven, which is energetically consistent with disruption of the ordered water solvation shell 

upon individual Ca2+-COO− counterion binding.22  In addition, the average binding constant K1 
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for these two systems are both similar to the previously reported Ca2+-COO− counterion binding 

constant23. For both system, the second process is exothermic and enthalpically driven, which is 

referred as COO−-Ca2+-COO− salt-bridge formation following the Ca2+-COO− counterion binding 

to assemble dendrimers together, and the average K2 is greater than K1 as an indication of  the 

positive cooperativity in both systems. However, unlike the similar K1 value, K2 for G1-benzene 

hexaacid-18COO- is more than ten times greater than K2 for G1-carbon tetraacid-12COO-. This 

is largely because of the participation of intermolecular hydrogen bonding and π-π stacking in 

the self-assembly of G1-benzene hexaacid-18COO- dendrimers. Such hydrogen bonding 

enforced π-π stacking assists the proximity of dendrimers, which practically facilitate the 

formation of COO−-Ca2+-COO− salt-bridges as reflected by the greater binding affinity. 

5.3 Conclusion 

In summary, we showed that π-π stacking at dendriemers’ core can be combined 

concurrently with the cooperative dendrimer capsule formation, and the π-π interaction between 

dendrimers’ core can stack dendrimers vertically within the capsule membrane. This work 

demonstrate the mechanistic foundation for further advancing the functionality of 

supramolecular dendrimer capsules, such as incorporating functional groups into dendrimers 

core to generate dendrimer capsules with built-in pores/channels, which can spontaneously and 

selectively encapsulate or release certain materials. 

5.4 Experimental information 

5.4.1 Materials      

G1-carbon teraacid-12COOH : The detailed synthetic route was described in Chapter 2, 

Figure 2.10, 2.11, 2.12. 
1
H NMR([H

6
]-H2O) of  G1-carbon teraacid-12COOH: δ(ppm) = 1.75 (br, 
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24H, a, CH2CH2COO), 1.98 (br, 24H, b, CH2COO), 2.32 (br, 8H, c, CH2CONH), 3.22 (br, 8H, 

d, CH2CH2O)4.95 and 3.49 (br, 8H, e, OCH2), Figure 5.7. 

 

 

Figure 5.7  NMR spectra of G1-carbon teraacid-12COOH. 

 

G1-Benzene hexaacid-18COOH and G2-Benzene hexaacid-54COOH were synthesized 

by the reported divergent approach, Figure 5.8. The benzene hexaacid core is commercial 

available. The tri-branched amine dendritic monomer was synthesized following previous 

publications, Figure 2.10. The first generation dendrimer G1-Benzene hexaacid-18COOH was 

synthesized by reacting benzene hexaacid with the tri-branched amine monomer under DCC/1-

HBT peptide coupling condition, followed by removal of the t-Butyl protecting group with 

formic acid 24,25. The second generation dendrimer G2-Benzene hexaacid-54COOH was 

synthesized by coupling the tri-bachched amine monomer with the first generation dendrimer 
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under DCC/1-HBT, followed by removal of the t-Butyl protection group. 
1
H NMR(D

2
O) of G1-

Benzene hexaacid-18COOH: δ(ppm) = 1.75 (br, 36H, a, CH2CH2COO), 1.98 (br, 36H, b, 

CH2COO), Figure 5.9. 
1
H NMR(D

2
O) of G2-Benzene hexaacid-54COOH: δ(ppm) = 1.75 (br, 

36H, a, CH2CH2COO), 1.98 (br, 36H, b, CH2COO), Figure 5.10. 

 

 

Figure 5.8 Reaction scheme for the preparation of G1-Benzene hexaacid-18COOH and G2-

Benzene hexaacid-54COOH. 
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Figure 5.9  NMR spectra of G1-benzene hexaacid-18COOH. 

 

Figure 5.10  NMR spectra of G2-benzene hexaacid-54COOH. 
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Capsule solution preparation: Water was purified by PURELAB Plus® High Purity 

Water Polishing System from U.S.Filter, and then filtrated through syringe filters with 0.45μm 

sized pore and polypropylene filter media purchased from Whatman®. Dendrimer was dissolved 

in water, and pH was adjusted to 7.2 with NaOH. Then CaCl2 solution was added, followed by 

vortexing for 30s and placing still for 5min before further testing. The concentrations and mixing 

ratios between dendrimer and Ca2+ were listed in Table S1.   

 

Table  5.1 Dendrimer capsule solution preparation  

Sample Name Dendrimer Concentration [COO-]/[Ca2+] 

G1-carbon teraacid-12COOH-1mM-2-1-Ca 1mM 2 
G1-Benzene hexaacid-18COOH-0.125mM 0.125mM N/A 

G1-Benzene hexaacid-18COOH-10mM 10mM N/A 
G1-Benzene hexaacid-18COOH-0.125mM-2-1-Ca 0.125mM 2 

G1-Benzene hexaacid-18COOH-10mM-2-1-Ca 10mM 2 
G2-Benzene hexaacid-54COOH-0.125mM 0.125mM N/A 

G2-Benzene hexaacid-54COOH-2.5mM 2.5mM N/A 
G2-Benzene hexaacid-54COOH-0.125mM-2-1-Ca 0.125mM 2 

G2-benzene hexaacid-54COOH-2.5mM-2-1-Ca 2.5mM 2 
 

5.4.2 Methods 

TEM, Negatively-stained TEM and Cryo-TEM measurement:The cross-section view of 

capsules formed by G1-Benzene hexaacid-18COOH with CaCl2 ([COO-]/[Ca2+]=2/1) were 

imaged by TEM.  3μL G1-Benzene hexaacid-18COOH-10mM was pipetted onto a carbon coated 

copper grids, followed by removal of the excess liquid with a piece of filter paper. The sample 

grid was then dried before imaging. In order to image the surface topologies, the dried sample 

grid was negatively stained with 2% uranyl acetate in ethanol. The TEM images were obtained 

on a FET TECNAI 20G Transmission Electron Microscopy operating at an acceleration voltage 
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of 200kV and at ambient temperature. The capsules formed by G1-carbon teraacid-12COOH 

with CaCl2 ([COO-]/[Ca2+]=2/1) were imaged by Cryo-TEM. 3μL G1-carbon teraacid-12COOH-

1mM-2-1-Ca solution was pipetted onto a lacey carbon copper grid (ESI), followed by removal 

excess liquid with a piece of filter paper. The specimen was then quickly plunged into liquid 

nitrogen to ensure vitrification. The specimen was stored under liquid nitrogen, and then 

transferred to a cryogenic sample holder (Gatan 626) in a FET TECNAI 20G TEM operating at -

177°C for imaging.  

DLS measurement : The hydrodynamic radius and the size distribution of the dendrimer 

capsules in solution were measured by ZETASIZER Nano-S90, Malvern, with a 633nm laser 

with scattering angle fixed at 90°. The cuvette was filled with dendrimer capsule solution and 

was equilibritated at set temperature for 10min before measurement.  

UV-Vis spectrometry measurements were carried with a Cary 100 UV-Vis 

spectrophotometer. The UV-Vis spectras of dendrimer monomer solutions, G1-Benzene 

hexaacid-18COOH-0.125mM and G2-Benzene hexaacid-54COOH-0.125mM, also the capsule 

solutions, G1-Benzene hexaacid-18COOH-0.125mM-2-1-Ca and G2-Benzene hexaacid-

54COOH-0.125mM-2-1-Ca were recorded at room temperature. The absorption peak of benzene 

ring was monitored.   

Photoluminescence (PE) Spectroscopy measurements were obtained using a Jobin Yvon 

FluoroMax-3 Fluorimeter. Dendrimer monomer solutions, G1-Benzene hexaacid-18COOH-

0.125mM and G2-Benzene hexaacid-54COOH-0.125mM, were excitated at 300nm, and the 

emission spectras were recorded from 340nm to 550nm. The capsule solutions, G1-Benzene 

hexaacid-18COOH-0.125mM-2-1-Ca and G2-Benzene hexaacid-54COOH-0.125mM-2-1-Ca 
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were excited at different wavelength (280nm, 300nm, 320nm) and the emission spectras from 

340nm to 550nm were recorded.  

FT-IR Spectroscopy measurements were performed by using a Thermo Scientific Nicolet 

Is10 FT-IT Spectrometer, equipped with a diamond Smart ATR accessory. 5μL sample solution 

was pipetted onto the diamond sample stage and the FT-IR spectra were recorded at room 

temperature. Interferograms were collected at 4cm-1 resolution and apodized with a NB (Norton-

Beer) Function. The FT-IR spectra of the following samples: G1-Benzene hexaacid-18COOH-

10mM, G1-Benzene hexaacid-18COOH-10mM-2-1-Ca, G2-Benzene hexaacid-54COOH-2.5mM, 

and G2-Benzene hexaacid-54COOH-2.5mM-2-1-Ca were recorded, and the spectra of water was 

also recorded and subtracted as background.   

CD  measurements were recorded on Jasco J-715 spectropolarimeter. All the spectras 

were obtained at 25ºC, from 600 to 190 nm with a scanning speed of 50 nm min-1, and a total of 

3 individual scans were accumulated, with subtracting the background absorbance from water. 

The CD spectrum of G1-Benzene hexaacid-18COOH-0.125mM, G1-Benzene hexaacid-

18COOH-0.125mM-2-1-Ca, G2-Benzene hexaacid-54COOH-0.125mM, and G2-Benzene 

hexaacid-54COOH-0.125mM-2-1-Ca were recorded. 

ITC measurements were recorded on a VP-ITC MicroCalorimeter (MicroCal, Inc). The 

dendrimers solution, 0.35mM G1-Benzene hexaacid-18COO- or 1mM G1-carbon teraacid-

12COO- aqueous solution (pH 7.2) were loaded into the titration cell, and the reference cell was 

filled with deionized water. Fifty injections of 50 mM Ca
2+ 

were titrated into the dendrimer 

sample cell in 5 μL increments at 10 min interval with stirring at 310 rpm to ensure complete 

equilibration. The heat of dilution was measured by making identical injections in the absence of 

dendrimers. The net binding reaction heat was obtained by subtracting the heat of dilution from 
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the measured total heat of reaction. The titration data were then fitted using the MicroCal Origin 

software and least-square algorithm, and these data were best fit to a two independent binding 

site model. The binding enthalpy ΔH, binding constant K, and the binding stoichiometry n were 

permitted to float during the least-square minimization process and taken as the best-fit value.  
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CHAPTER 6 
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6.1 Abstract 

Chiral supramolecular structures, most commonly helices, are typically constructed from 

chiral molecule subunits, and their handedness is generally governed by the configuration of 

monomeric chiral centers. Here, we introduce nanometer scale shape-asymmetry into dendrimers 

by coupling two different-sized but chemically identical achiral dendritic fragments. We found 

that with smaller magnitude of size difference, the asymmetric dendrimers form simple achiral 

fibrils which self-assemble into parallel bundles. In comparison, greater shape-asymmetry directs 

dendrimer self-assembly into helical fibrils which form higher-order coiled-coil bundles and 

spontaneously loop into supercoiled double-helices. Thus, when combined with cooperative non-

covalent self-assembly forces, sufficient shape-asymmetry rather than classical monomeric chiral 

centers can generate complex and unusual chiral supramolecular structures. Our finding offers a 

new systematic design principle for constructing chiral supramolecular structures of potential 

interest in optoelectronic and other materials applications. 

6.2 Introduction 

Symmetry is an important structural motif that influences the functions and properties of 

objects at all scales, ranging from molecules and nano/micro-particles to macroscopic matters. 

Symmetry elements range from reflection planes, rotation axes to inversion centers. The extreme 

case of asymmetry is chirality, where an object has no symmetry elements on its mirror image. 

The most familiar molecular example of chirality occurs when four chemically different groups 

are bonded to a carbon atom. Chiral centers in molecules can further induce chirality at 

supramolecular level, most commonly as helices.1-5 The handedness of supramolecular helix is 

typically governed by the configuration of chiral centers within the molecular components.1-5 

However, chiral structure formation from achiral molecules has also been observed, such as 
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chiral liquid crystal formation from the achiral banaba-shaped bent-core mesogens, which 

indicates the possibility of other principles independent of chiral centers in constructing chiral 

supramolecular structures.6,7 Recent study on larger micron-sized colloidal particles under 

magnetic field show that simple overall shape non-symmetry can force the colloidal self-

assembly chain to coil.8 Although the micron-scale dimension of solid colloidal particles and the 

external force directed assembly mechanism are distinctively different from molecules and their 

non-covalent interactions, such finding nonetheless suggested shape non-symmetry could also be 

exploited for inducing chiral structure formation. Here, we break the shape symmetry of 

dendrimer molecules at the nanometer scale and reveal the profound impact of simple molecular 

shape non-symmetry on supramolecular self-assembly processes. We show that with cooperative 

non-covalent interactions, increasing molecular shape non-symmetry can transform dendrimer 

supramolecular self-assembly from achiral parallel fibrillar bundles to surprising hierarchical 

supercoiled double-helices. Our finding not only provides new insights into supramolecular 

chirality, but also offers a new systematic design principle for constructing novel chiral 

supramolecular structures that maybe of interest for optoelectronic applications, or as functional 

nanoparticle templates for chiral catalysis and sensor applications. 

Dendrimers are highly-branched, three-dimensionally globular, and nanometer-sized 

molecules, which have attracted broad interest due to their unique architectures and interesting 

properties.9-13 Here, we break the spatial symmetry of dendrimer molecules by coupling two 

different-sized but chemically identical dendritic fragments together to reveal the effect of 

molecular shape symmetry on supramolecular self-assembly process, Figure 6.1. Since 

dendrimer size increases with generations, i.e. number of branching layers, the size difference 

between the linked two dendritic fragments can be easily controlled by generations. For example,   
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Figure 6.1 Molecular structure and schematic representation of (A) G3-G2 and (B) G4-G2 non-

symmetrical Fréchet dendrimers, functionalized with carboxylate terminal groups. 

 

the diameters of second-generation (G2), third-generation (G3) and fourth-generation (G4) of 

carboxyl-terminated Fréchet dendrimers in water have been measured as ca. 3nm, 4nm, and 5nm 

respectively.14 We then employed the reported convergent synthetic route15,16 and coupled G2 

Fréchet-COOH dendritic fragment with G3 and G4 fragments respectively to produce the non-

symmetrical G3-G2 and G4-G2 dendrimers. Fréchet-type dendrimers are well-known as 

unimolecular micelles in water, where the highly hydrophobic benzyl ether interior collapses into 

rigid spherical core, surrounded by closely-packed polar surface groups.15 Thus non-symmetrical 

G3-G2 and G4-G2 dendrimers will have dumbbell-shaped architecture with two different sized 

compact spherical lobes upon dissolution in water. One should note that G3-G2 and G4-G2 

dendrimers are essentially the same in all chemical aspects, except G4-G2 has greater shape non-
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symmetry than G3-G2. These shape non-symmetrical dendrimers are nonetheless achiral – i.e. 

there is no chiral center and each has an internal symmetry plane as well as rotational axes that 

go through the two lobes. 

6.3 Results and Discussion 

Upon dissolution in water at neutral pH, the non-symmetrical G3-G2 and G4-G2 

dendrimers dispersed as free individual molecules, as the carboxyl surface groups completely 

dissociate into negatively-charged carboxylates (-COO−), Figure 6.2. Previously, we showed that  

 

G4-G2G3-G2

1µm1µm

G4-G2G3-G2

1µm1µm

 

Figure 6.2 Direct FM visualization of the dispersed carboxylate-terminated G3-G2 and G4-G2 

dendrimer monomers in aqueous solution. 

 

with the addition of divalent cations (M2+), such as Ca2+, spherically symmetrical Fréchet-COO− 

dendrimers cooperatively self-assemble into enclosed capsules via COO−-M2+-COO− salt 

bridges.14 In contrast, here at equilibrium, the non-symmetrical dendrimers had self-assembled as 

cylindrical structures with the addition of M2+, Figure 6.3, 6.5. Direct fluorescent microscopy 

imaging of dye-labeled G3-G2 and G4-G2 dendrimers in aqueous solution showed they formed 

short cylinders at Ca2+ concentration well below stoichiometry of total carboxylates, i.e. 

Ca2+:COO− ~ 1:10. The cylinder length increased with Ca2+ concentration and could reach a 

maximum of 15μm. Further Transmission electron microscopy (TEM) analysis revealed distinct  
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Figure 6.3 Ca2+ induced self-assembly of carboxylate-terminated asymmetric (A) G3-G2 and (B) 

G4-G2 dendrimers in aqueous solution (scale bar in TEM insets: 500nm). Right panels at the far 

end: magnified TEM micrographs. 

 

nano-scale structural differences between the G3-G2 and G4-G2 equilibrium cylinder structures, 

insets in Figure 6.3. The G3-G2 cylinders are fibrillar bundles aggregated parallelly, Figure 6.3A, 

insets and right panel. In contrast, the G4-G2 cylinders appear to be close-ended supercoiled 

double-helices, Figure 6.3B. 

The distinctive differences between the G3-G2 and G4-G2 equilibrium cylinder 

structures were also reflected in their CD measurements, Figure 6.4. Before the addition of Ca2+, 

G3-G2 and G4-G2 monomeric dendrimers are achiral and no Cotton effect was observed, Figure 

6.4 a, b. However, a strong positive Cotton effect at ~220 nm, i.e. absorbance wavelength of 

benzene, was produced by G4-G2 after reaching equilibrium with the addition of Ca2+, 

indicating chirality in the structures formed, Figure 6.4 d,e,f. The signal intensity also 

systematically increases with the observed elongation of the supercoiled G4-G2 double-helices 

at higher Ca2+ concentrations. In contrast, no Cotton effect was observed on G3-G2 with the 
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addition of Ca2+, Figure 6.4c, indicating that the formed G3-G2 cylinder structures are achiral, 

consistent with the parallel fibrillar bundle morphology observed by TEM. 
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Figure 6.4 CD analysis of asymmetric G4-G2 and G3-G2 dendrimers and their self-assemblies 

in aqueous solution. (a,b) – dendrimer monomer; (c-f) equilibrated self-assembly with the 

addition of Ca2+. 

 

Compared to spherically symmetrical dendrimers, which prefer isotropic expansion and 

close-packing into enclosed capsules, breaking their shape symmetry notably shifts the 

dendrimer self-assembly pathway to anisotropical elongation into cylindrical fibrils that can 

further assemble into higher-order superstructures, such as achiral fibrillar bundles (G3-G2) or 

supercoiled double-helices (G4-G2). Since G3-G2 and G4-G2 are the same molecules, differing 

only in the nanometer-scaled relative sizes of their two dendritic fragment halves, the 

spontaneous formation of drastically different supramolecular self-assembly structures is rather 

intriguing. With highly-branched peripheral binding sites and smaller size difference between the 

two lobes, it seems G3-G2 dendrimers allow for initial spontaneous head-to-head binding via 
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COO−-M2+-COO−  salt bridges into single fibrils, followed by shoulder-to-shoulder parallel 

binding between fibrils into bundles. In contrast, the formation of the close-ended supercoiled 

double-helices in achiral G4-G2 dendrimers cannot be so easily explained. Typically, in order to 

form close-ended, supercoiled helices, some prerequisite conditions have to be met. For example, 

in double-stranded helical DNA, supercoils form when the two component strands are not free to 

unwind. This condition exists when they are in a covalently closed circle, such as a bacterial 

plasmid, or in a linear chromosome where rotation of strands is constrained by proteins, such as 

histones. Here, there are no covalently closed circular strands, and the formation of the close-

ended supercoiled double-helices is spontaneous without any assistance from proteins or external 

physical force manipulations.  

These asymmetrical dendrimers can also self-assemble into cylindrical shaped 

supramolecular structures with the addition of other divalent alkaline earth metal ions, Figure 6.5. 

Upon the addition of Mg2+, G4-G2 self-assembled into close-ended supercoiled double-helices, 

i.e. Mg2+:COO-~1:4. Unlike Ca2+, the Mg2+ induced double-helices were much loosely coiled, 

which can be directly imaged by fluorescent microscopy with dye-labeling, Figure 6.5A. 

Compared with Ca2+, Mg2+, Ba2+ driven self-assembly showed different morphologies. Instead of 

double helix, the addition of Ba2+ leads to more stiff smooth cylinders, as revealed by both 

fluorescent microscopy and TEM, Figure 6.5B. The morphological differences were also 

reflected in the CD measurements, Figure 6.5 C. After reaching equilibrium, G4-G2 showed a 

strong positive cotton effect with the addition of either Ca2+or Mg2+. However, the cotton effect 

produced by the addition of Mg2+ shifted towards lower wavelength comparing with Ca2+. The 

addition of Ba2+, not surprisingly, showed no cotton effect, which were constant with the 

microscopy imaging.  
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Figure 6.5 The self-assembly of G4-G2 dendrimers induced by Mg2+ and Ba2+ in aqueous 

solution. (A) Mg2+ and (B) Ba2+, (C) CD spectra of equilibrated G4-G2 self-assembly in aqueous 

solution with the addition of (a) Ba2+, (b) Mg2+. 

 

To unravel the mechanism behind the surprising close-ended supercoiled double-helice 

formation, we studied the kinetics of the non-symmetrical G4-G2 dendrimer self-assembling 

process with the addition of Ca2+, Figure 6.6. Before reaching the final equilibrium super-

structures, several levels of structural self-organization were observed. Initially, single helical 

fibrils of ~5nm in diameter instantaneously formed upon the addition of Ca2+, Figure 6.6A. In 

contrast to G3-G2, the much more pronounced size difference between the two lobes of the G4-

G2 dendrimers here causes helical formation. This is probably due to the steric effect imposed by 

the size difference, in synergy with the long range electrostatic repulsions along the fibril axis, 

that forces the single fibril spontaneously twist into helix as the negatively charged G4-G2 

dendrimer molecules bind head-to-head via COO−-M2+-COO− salt bridges into single fibrils. 

Interestingly, we found the twist direction of these self-assembling G4-G2 dendrimers is quite 

sensitive to directional external force. We found applying counter-clockwise vortex had led to 

predominant left-handed fibrils, whereas clockwise vortex led to predominant right-handed 

fibrils. One should note that the origin of the helical formation is not governed by vortex, but  
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Figure 6.6 Kinetics of the supercoiled double-helice formation from the non-symmetrical G4-

G2 dendrimers with the addition of Ca2+. (A) 30 sec after mixing; Inset: magnified TEM 

micrograph. (B) 5 min after mixing; (C) 2 hours after mixing; (D) 8 hours after mixing; (E) 12 

hours after mixing. 
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Figure 6.7 CD analysis of the kinetics of the supercoiled double-helice formation. 
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rather by the sufficient size difference in the non-symmetrical dendrimers. With G3-G2 

dendrimers that have smaller size difference, no helical formation can be generated, whereas for 

G4-G2 dendrimers that have sufficiently larger size difference, helical formation is spontaneous, 

either with or without vortex. Vortex, however, can influence the direction of the G4-G2 fibril 

handedness and help achieve chiral resolution. Compared to seeding and other methods typically 

used in spontaneous resolution,17 using external vortex to achieve chiral resolution in the self-

assembling non-symmetrical dendrimer system here has the advantages of free of impurity and 

ease in control. Using counter-clockwise vortex as example, corresponding CD measurements 

showed a marked negative Cotton effect on achiral G4-G2 dendrimer solutions upon the 

immediate addition of Ca2+, Figure 6.7 (A), confirming the helical chirality of the formed single 

fibrils with a preferred handedness. Otherwise, a racemic mixture of helices with the opposite 

handedness would cancel out the CD signal. As a comparison, no CD signal was observed for 

G3-G2 dendrimers under the same condition, consistent with their nature in producing achiral 

fibrils instead of chiral helices. 

After the formation of the initial single helical fibrils, dimers of helical fibrils coiling 

around each other started to form within minutes, Figure 6.6B. Like many natural 

biopolymers,18,19 the coiling of the helical fibrils here was of opposite handedness. Using 

counter-clockwise vortex system as example, predominantly right-handed dimer coils of the left-

handed single fibrils were observed by TEM, Figure 6.6B. The corresponding CD measurements 

showed the flipping of the Cotton effect from negative to positive, Figure 6.7 (B). The absorption 

band also slightly shifted to longer wavelength, which is typical for further aggregation. Coiling 

of fibrils continued for hours and had produced thicker right-handed coiled-coil bundles, Figure 

6.6C. The coiled bundles could reach up to ca. 250nm in thickness, containing about 50 fibrils. 
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Eventually, the accumulating torsional force along the coiling bundles led to spontaneous 

looping in the center and positive supercoiling upon themselves. Predominant right-handed 

supercoiled double-helices with a loop on one end and open on the other end were observed by 

TEM, Figure 6.6D. In the final step, the open ends of the superoiled double-helice appear to 

gradually close, presumably to stabilize the supercoiled structures, Figure 6.6E. Positive 

supercoiling in biology, such as in DNA systems, requires assistance from scaffold proteins 

and/or topoisomerases, and the spontaneous positive supercoiling observed here is quite 

intriguing. Due to the unique branched feature of dendrimers, the hierarchical self-assembly of 

the G4-G2 dendrimers with the addition of M2+ here is likely to be a highly cooperative process, 

which may play a critical role in the production of sufficient torsional force that can induce 

spontaneous looping and positive supercoiling. 

We used Isothermal Titration Calorimetry (ITC) to further study the cooperativity of the 

Ca2+ binding that underlies the self-assembly process of the G4-G2 dendrimers. The titration was 

exothermic and best fitted to two distinct binding sites, Figure 6.8. Unlike spherical dendrimers, 

the non-symmetrical dendrimers start to self-assemble via COO−-Ca2+-COO− salt-bridge 

bindings at Ca2+ stoichiometry as low as Ca2+: COO− ~ 1:10, indicating a negligible contribution 

from any individual COO−-Ca2 counterion bindings on the ITC titration. The two most likely 

COO−-Ca2+-COO− salt-bridge binding sites are the sites responsible for assembling G4-G2 

dendrimers into the initial individual helical fibrils and those responsible for fibril coiling. The 

much later stage of the spontaneous looping and supercoiling should have minimal impact on the 

ITC titration, since they are mostly resulted from the accumulating torsional force, rather than 

any further Ca2+ binding. The formation of the ordered single helical fibrils from large numbers 

of G4-G2 monomers is most likely responsible for the first highly exothermic phase  
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Figure 6.8 ITC analysis on Ca2+ binding to non-symmetrical G4-G2 Fréchet-COO− dendrimer. 

Upper panel shows the calorimetric titrations; Lower panel displays the integrated heat values as 

a function of molar ratio. The solid line represents the curve fitting to a two independent binding 

site model. 

 

observed from ITC. The second less exothermic phase, on the other hand, better reflects the 

process of fibril coiling, where additional salt-bridges between individual strands of helical 

fibrils form coiled-coil bundles. For both processes, the entropic change is rather trivial, due to 

the offset between the entropic gain in solvent disorder and entropic loss in degree of structural 

freedom. The average binding constant for the two events was estimated as K1 ~ 3.74 × 106 M-1 

and K2 ~ 3.89 × 104 M-1 respectively. Both are significantly larger than the published values for 

individual Ca2+/COO− counterion binding20, indicating the highly positive cooperative nature of 
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the two self-assembling processes. In addition, both phases of the titration have sigmoidal 

characters, also suggesting cooperativity.   

6.4 Conclusion 

In summary, we show that introducing nano-scaled molecular shape non-symmetry can 

profoundly affect the supramolecular self-assembly process. Specifically, as the magnitude of 

shape non-symmetry increases, the supramoleualr dendrimer self-assembly formation is shifted 

from parallel achiral fribrillar bundles to surprising supercoiled double-helices. Thus, we have 

demonstrated that with cooperative non-covalent self-assembly conditions, molecular shape non-

symmetry rather than traditional chrial centers can generate unusual and complex chiral 

supramolecular structures. In addition, we can also conveniently achieve chiral resolution by 

using directional external force, such as vortex. Our results provide new insights into 

supramolecular chirality and we also expect this finding will lead to new systematic design 

principle for constructing novel chiral supramolecular structures that maybe of interest for 

optoelectronic applications or as functional nanoparticle templates for chiral catalysis and sensor 

applications.  

6.5 Experimental Information 

6.5.1. Materials 

Methyl ester protected G4, G3 and G2 Fréchet dendritic fragments were synthesized 

following the reported convergent route,15 using 3,5-dihydroxybenzyl alcohol as the monomer 

unit and the step-wise growth consisting of activation by bromination and coupling by alkylation, 

Figure 2.7. G3 and G4 Fréchet dendritic fragments were then coupled with G2 fragment by a 

stepwise coupling to a difunctional core, 4,4
’
-dihydroxy-biphenyl16, followed by hydrolysis of 

the methyl ester protecting groups, Figure 6.9. All synthesized dendrimers were characterized by 
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NMR before use. 
1
H NMR ([H

6
]-DMSO) of the synthesized G3-G2: δ(ppm) = 4.94 and 5.05 

(m,44H,OCH
2
), 6.4-6.7(m, 30H, ArH), 6.91(m,4H, core ArH), 7.44 and 8.00(m, total 52H, 48 

PhH and 4 core ArH ). 
1
H NMR ([H

6
]-DMSO) of the synthesized G4-G2: δ(ppm) = 4.95 and 

5.10 (m,76H,OCH
2
), 6.49-6.70 (m,54H,ArH), 6.91(m,4H,core ArH), 7.50 and 7.98 (m, total 84H, 

80PhH and 4 core ArH). 
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Figure 6.9. Reaction scheme for coupling G3 and G2 Fréchet dendritic fragments. 
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6.5.2. Methods  

Fluorescent Microscopy Imaging was obtained by using a hydrophobic fluorophore dye 

(PKH 26) to label the G3-G2 and G4-G2 Fréchet-carboxylate dendrimers in aqueous solution. 3 

μL samples were used in the chamber formed between glass slide and cover slip for imaging. 

The dipersed asymmetric dendrimer monomers and their self-assembly with the addition of Ca2+ 

in aqueous solution were directly observed on an Olympus IX71 inverted fluorescence 

microscope with a 60X objective and a Cascade CCD camera.  

Transmition Electron Microscopy (TEM) measurements were carried by pipetting 2μL of 

dendrimer self-assembly aqueous solution onto a carbon coated copper grids. A piece of filter 

paper was then used to quickly remove the excess liquid, leaving a thin film of solution spanning 

the grid. The sample copper grids were then freeze dried before imaging. TEM images were 

obtained on a FET TECNAI 20G Transmission Electron Microscopy operating at an acceleration 

voltage of 200kV and at ambient temperature.  

Circular Dichroism (CD) measurements of dendrimer aqueous solutions were recorded 

on Jasco J-715 spectropolarimeter with a scanning speed of 50 nm per min at 25ºC. The 

background absorbance from water was then subtracted from the recorded spectra before 

analysis.  

Isothermal Titration Calorimetery (ITC) measurement were recorded on a VP-ITC 

MicroCalorimeter (MicroCal, Inc). Aqueous solution of 0.2 mM G4-G2
 
dendrimer at pH 7 was 

loaded into the titration cell, and the reference cell was filled with deionized water. Fifty 

successive injections of 28 mM Ca2+ were made into the dendrimer sample cell in 5 μL 

increments at 10 min interval with stirring at 310 rpm to ensure complete binding equilibration. 

Control experiments to determine the heat of dilution were carried out by making identical 
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injections in the absence of dendrimers. The net binding reaction heat was obtained by 

subtracting the heat of dilution from the measured total heat of reaction. The titration data were 

then fitted using the MicroCal Origin software and least-square algorithm, and these data were 

best fit to a two independent binding site model. The binding enthalpy ΔH, binding constant K, 

and the binding stoichiometry n were permitted to float during the least-square minimization 

process and taken as the best-fit value. 
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CHAPTER 7 

 CONCLUSION AND OUTLOOK 

7.1 Conclusion 

In this dissertation, we exploited the unique feature of dendrimers as nano-sized 

macromolecules with highly-branched peripheral binding sites and demonstrated their ability to 

maximize cooperative binding as a novel modular self-assembly approach to design and 

construct functional supramolecular assemblies.   

This cooperative binding self-assembly approach has the advantage of generality and 

versatility. Two classic types of dendrimers, Fréchet type and Newkome type dendrimers, which 

differ significantly in composition, branching motif and rigidity, can self-assemble into capsules 

via cooperative salt-bridging and hydrogen bondings, when they were functionalized with –

COOH and –OH peripheral groups, respectively. Dendrimers with –COOH peripheral groups 

formed capsules in aqueous solutions with the addition of divalent metal ions. Such dendrimer 

capsules are tunable in size and thickness, controllable in disassembly, and can potentially be 

used for a wide variety of encapsulation applications. The cooperative feature of dendrimers 

showed more intriguing ability in regulating supramolecular self-assemblies via hydrogen 

bondings in highly-competitive solvents, e.g. water. The cooperative formation of multiple H-

bonding networks can significantly enhance the strength and stability of H-bonding, which 

allows for dendrimer self-assembly into capsules even in highly competitive and disruptive 

aqueous solutions. These H-bonded dendrimer capsules have the advantage of the thermo-

responsiveness to trigger controlled disassembly and release of encapsulated materials. Further 
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more, the utilization of emulsions in templating the cooperative self-assembly of dendrimers 

expands the capsule to a broad range of micron sizes, which allows for versatile and efficient 

encapsulation of a wide variety of materials. The micron-scaled emulsion-templated dendrimer 

capsules also have the advantages of ease in controlling disassembly and release of the 

encapsulant with external stimuli.  

To further advance the functionality of dendrimer capsules, we combined other more 

directed interactions, such as hydrogen bondings and π-π interactions at dendrimers’ core with 

the periphery cooperative bindings. Dendrimers with arene ring as the core self-assembled into 

capsules via periphery cooperative bindings, meanwhile the π-π interactions at dendrimers’ core 

help stack them co-facially in membrane. This work serves as the foundation for incorporating 

functional groups into the core to generate dendrimer capsules with built-in pores/channels, 

which can spontaneously and selectively encapsulate or release certain materials. 

Further more, we showed that introducing nano-scaled molecular shape non-symmetry 

can profoundly affect the supramolecular self-assembly process. Via periphery cooperative 

binding, the non-symmetric dendrimers showed to assemble into cylindrical superstructures, 

from parallel fibrillar bundles to supercoiled double-helices. This study not only provides new 

insights into supramolecular asymmetry, but also offers a new systematic design principle that 

with cooperative non-covalent self-assembly conditions, molecular shape non-symmetry rather 

than traditional chrial centers can generate unusual and complex chiral supramolecular structures.  

7.2 Outlook 

Our studies focused on fully exploring the unique multivalency feature of dendrimers on 

maximizing cooperative bindings. It demonstrated a modular self-assembly approach to design 

and construct functional supramolecular assemblies. So far, we showed that dendrimers can self-
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assemble into capsules, fibrillar bundles and supercoiled double-helices via the cooperative Ca2+ 

bridging. However, other than Ca2+, Mg2+ and Ba2+ also showed the ability to assemble 

dendrimers. With spherical dendrimers, Mg2+, Ba2+ can assemble them into capsules with 

different size and thickness. Especially with the asymmetric dendrimers, Mg2+ can induce 

double-helices with a looser pitch, while Ba2+ can form rigid cylinders. If the effect of different 

ion can be better understand, it will further enrich our ability on manipulating dendrimer self-

assemblies. 

Secondly, other than simple benzene ring, more functional groups can be incorparatied as 

dendrimers’ core, such as porphyrin, cyclodextrin, cyclic peptide and phenylacetyline 

macrocycles. These functional groups were shown to stake into columns via π-π interaction or 

hydrogen bonding, and they have the ability to specifically bind with a variety of guests into 

their cavity, ranging from metal ions, gases, to biomolecules. Capsules assembled by these core-

functionalized dendrimers will have built-in selective pores/channels, which may spontaneously 

and selectively encapsulate or release certain materials.    

Finally, we studied the cooperative self-assembly of spherical and asymmetric 

dendrimers, and revealed that the dendrimers shape can profoundly affect the supramolecular 

self-assembly process. In order to pursue more functional supramolecular structures, other 

geometric dendrimers and their self-assemblies will be further explored. These studies will 

greatly extend the versatility of this new modular self-assembly approach, and provide additional 

insight into the designing principle for supramolecular assemblies with sophisticated 

functionalities.  
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